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Abstract 
In recent decades, extensive research has been engaged into III-V semiconductor 
nanowires. It has been widely recognized that they have promising applications for 
electronic and optoelectronic devices due to their intrinsic material and unique geometry. 
Currently, the controllable growth of binary III-V nanowires can be achieved via Au-catalysed 
vapor-liquid-solid method in both metal organic chemical vapor deposition (MOCVD) and 
molecular beam epitaxy (MBE) system. Conventionally, the key parameters for tuning III-V 
nanowires’ growths include the growth temperatures, precursor flow rates and the catalyst 
sizes. However, it has been found that the component addition, i.e. dopants and III/V 
incorporation, also influenced the controllable growth of III-V nanowires. Therefore, it is 
meaningful to understand this effect and its underlying influencing mechanism. 
 
Doping is a conventional way to introduce impurity atoms into host semiconductor to improve 
material properties by inducing free electrons or vacancies. The incorporation of impurity 
atoms can induce electrical property improvement, meanwhile may make the nanowire 
growth process more complex. However, the effect of doping on nanowire growth is still 
unclear. In this project, Sn-doped Au-catalysed GaAs nanowires were synthesized in 
MOCVD with a range of growth parameter including varied growth temperatures and 
tetraethyl-tin flow rates. The systematic characterizations on as-grown nanowires were 
carried out by electron microscopy. It was found that the Sn addition influenced the 
nanowires growth rate and structural quality in different ways at different growth 
temperatures. 
 
Suitable and tuneable bandgaps of ternary III-V nanowires make them suitable for electronic 
and optoelectronic devices, such as light emission diodes and tandem solar cells. However, 
elemental segregations have been a long-standing issue in the ternary nanowires, which 
could induce the core-shell heterostructures in the nanowires. The formation mechanism of 
core and shell need to be further clarified in order to control the compositional configuration 
in nanowires, which is meaningful for optimizing their performances in devices. In this 
project, InGaP nanowires were synthesized in MOCVD and their morphological, structural 
and compositional characteristics were investigated systematically by electron microscopy. 
The formation mechanism of the core-shell structure and the axial compositional gradient 
were discussed. Furthermore, the effect of catalyst size on the growth of hierarchical 
structured InGaP nanowires was demonstrated.
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Chapter 1 Introduction
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1.1 Background 
III-V semiconductor nanowires indicate the nanowires composing of group III and V 
elements, such as GaAs, InGaAs, GaAsSb and their hetero-structures (InAs-GaAs, InAs-
InP) et. al. Due to their suitable bandgap features, high luminescence and electron mobility, 
III-V semiconductor nanowires have been recognised as promising low-dimensional 
nanoscale-materials for applications in future electronic and optoelectronic devices. Applied 
in various cases, Au-assisted Vapor-Liquid-Solid (VLS) growth in MOCVD has been one of 
the most mature approaches for the controllable growth of III-V semiconductor nanowires. 
And it has been demonstrated that precursor fluxes and their ratios, nucleation and growth 
temperatures, and catalysts are key growth parameters during III-V nanowire growth.  
Doping is a common method to tune the electronic properties of III-V semiconductor 
nanowires. However, introduction of dopant impurities can change the III-V nanowire growth 
behaviour, which makes the controllable growth challenging. For instance, although the 
fabrication of high-quality intrinsic GaAs nanowires has been realized in MOCVD via Au-
catalysed VLS growth, the intentional doping will result in tapering morphology and 
degraded quality of GaAs nanowires. Therefore, it is necessary to understand the 
influencing mechanism of dopant on nanowire growth. 
With two kinds of III or V elements alloying, ternary III-V (III-III-V or III-V-V) nanowires allow 
continuous variation on bandgap by modulating the composition of their alloys, which makes 
them suitable blocks into electronic and optoelectronic application. For instance, the InGaP 
material system is important for many applications, such as efficient LEDs in visible red to 
yellow wavelength and hetero-solar cells, due to its direct bandgap in the range from 1.35 
to 2.26 eV by tuning the In/Ga alloy composition. However, it has been a long-standing issue 
that elemental segregation causes radial inhomogeneous composition – the so called “core-
shell” structure in ternary III-V nanowires, which could affect their application. Therefore, it 
is crucial to understand the formation mechanism of phase segregation to achieve 
controllability in nanowires’ compositions. 
1.2 Objectives and scopes 
This thesis aims to understand the effect of component addition on the growths of III-V 
nanowires (Sn-GaAs and InGaP). From our understanding, the addition of Sn to GaAs 
nanowires is a minor component addition and the dopant will not change the material 
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system; on the other hand, the incorporation of In with GaP is a major component addition 
and results in ternary InGaP nanowire. Conventionally, III-V nanowires’ epitaxial growths 
are undertaken in quite a complex environment and influenced by several factors, including 
growth temperature, V/III ratio and catalyst material/size. As for the growths of doped 
nanowires or ternary nanowires, the dopant addition or the second III/V element 
incorporation also need to be taken into consideration as an influence factor.  
To understand the effect of dopant addition on III-V nanowire growth, Sn is used as the 
dopant for the GaAs nanowire as the host material. The dopant precursor (tetraethyl-Sn; 
TESn) levels and growth temperatures are tuned to study the influence of Sn addition on 
GaAs nanowire growth behaviour under varied experimental conditions. With detailed 
electron microscopy characterization, the morphological, structural and compositional 
features are investigated for GaAs nanowires with different Sn addition levels at varied 
temperatures. Based on the characterization, the influencing mechanism of Sn addition on 
GaAs nanowires is discussed and proposed, which will benefit the controllable growths of 
doped III-V nanowires. 
The second objective of this thesis is to understand the growth of InGaP ternary nanowires. 
The InGaP nanowires on GaAs (1̅1̅1̅)  substrate are firstly investigated by electron 
microscopy to determine their structural and compositional characteristics. In addition, 
InGaP nanowires are fabricated on GaAs (001) substrate, where the effect of catalyst size 
on the growth of hierarchical structured nanowires is clarified. Overall, the formation 
mechanisms of hierarchical structures in InGaP nanowires are discussed, which will benefit 
for comprehensive understanding on the growths of ternary III-V nanowires. 
1.3 Thesis outline 
In Chapter 1, background knowledge of III-V semiconductor nanowires, along with 
objectives and scopes of this thesis will be carried out to build a general panorama.  
In Chapter 2, a literature review is settled, where fundamental principles of III-V nanowire 
growth will be presented. Solid physical natures, crystal structures, morphologies and typical 
growth mechanisms of III-V nanowires are introduced in this chapter. Also, common 
nanowire epitaxial growth technique, including MOCVD and MBE, are stated and compared. 
Then, we summarize the effects of dopants on III-V nanowires morphologies and crystal 
structures. Some developed techniques which can directly determine the dopant distribution 
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are also listed. Additionally, representative studies regarding the formations of core-shell 
structures in ternary III-V nanowires are summarised in this chapter. 
In Chapter 3, the methodology applied in this thesis is introduced. Electron microscopy and 
MOCVD are major techniques utilized in this work. The III-V nanowires synthesis is realized 
by MOCVD system followed by characterization mainly through SEM and TEM. Basic 
concepts and principles of these technique are explained in this chapter, as well as the 
experimental designs. In addition, the sample preparation methods are introduced here. 
Chapter 4 and Chapter 5 investigate the growth behaviour of GaAs [1̅1̅1̅] nanowires with Sn 
(tetraethyl-tin, TESn) addition. The morphological characteristics and structural quality of 
GaAs nanowires are influenced by the Sn addition, especially at the high Sn level. In Chapter 
4, the catalyst/nanowires interface and catalyst phase are found to be reordered due to Sn 
addition, which cause the slower axial growth and degraded quality of GaAs nanowires. 
Further study on GaAs nanowires with Sn addition at different growth temperatures is 
depicted in Chapter 5. In this chapter, the different effects of TESn on the decomposition 
efficiencies of III precursor are considered as the reason for the opposite tendencies in the 
nanowire growth rate at varied temperatures. 
Chapter 6 and Chapter 7 perform detailed characterizations and give comprehensive 
discussions on the hierarchical structures in InGaP nanowires grown on GaAs (1̅1̅1̅) and 
(001) substrates. The varied compositional core-shell structure with Ga-enriched core and 
In-enriched shell is determined in the InGaP nanowires on (1̅1̅1̅)  substrate, which is 
attributed to the varied catalyst alloying affinity with In/Ga and In/Ga adatom diffusivity. 
Interestingly, it is found that the different catalyst size can result in varied morphological, 
structural and compositional characteristics in InGaP nanowires on (001) substrate. 
In the end, Chapter 8 concludes the thesis and provides recommendations for the future 
works regarding the growths and property measurements of doped III-V nanowires and 
ternary III-V nanowire.
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Chapter 2 Literature Review
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2.1 Introduction 
Nanowire is a typical one-dimensional nanostructure with diameter usually less than 100nm 
and very high aspect ratio with length in micro-scales, which makes them perform 
advantageous physical properties.1-3 The low dimension also provides possibility for 
nanowires to release strain through radial planar deformation.4 Semiconductor nanowires 
combine properties of semiconductor materials with one dimensional nanostructure. For 
instance, quantum effects need to be taken into consideration in semiconductor nanowires, 
which define nanowires into “quantum wires”. Based on the low dimension and outstanding 
material properties, semiconductor nanowires have drawn great attention and interest due 
to their promising application as building blocks for future electronic and optoelectronic 
devices and systems.1-3, 5-10 Among them, III-V semiconductor nanowires have been the hot 
spot in recent decades.11-14 On one hand, some III-V semiconductor systems have direct 
and narrow bandgaps (refer to Figure 2-1), which are suitable for various applications; on 
the other hand, the nanowire structures have good tolerance on the radial strain, which 
makes III-V hetero-junctions and the integration with Si-based III-V device possible15, 16 
Therefore, III-V semiconductor nanowires have been recognized as promising building 
blocks for a wide range of applications.17-23 
 
Figure 2-1 Gap energy for different typical semiconductor materials 
In this chapter, the approaches of III-V nanowires synthesis are summarized firstly, in which 
the growth mechanisms and equipment are illustrated. Then, the morphological features, 
structural characteristics of III-V nanowires and their dependence of growth parameters are 
presented. Furthermore, the up-to-date representative researches on doped III-V nanowires 
7 
 
and ternary III-V nanowires are reviewed, which will help us to locate the objectives in this 
PhD thesis. 
2.2 Synthesis of III-V nanowires 
III-V nanowire synthesis can be achieved through two general approaches: “Bottom-up” and 
“Top-down” in abstract.1, 24-26 “Top-down” indicates that the electron beam lithography or 
other etching methods are employed to reform as-grown higher dimensional materials, like 
bulk material, to one dimensional material, such as nanowire and nanorode.27, 28 However, 
the lithographic and etching techniques are limited by its resolution, which may cause the 
nanostructure quality poor when defining very small and accurate features. Conversely, 
“Bottom-up” describes the process of nanowire being built-up by basic units - atoms. 
Compared with “Top-down”, “Bottom-up” has less limitations and higher operability.3, 29 
Therefore, it has been recognised that “Bottom-up” is preferable for designed synthesize of 
nanowires and has been intensively investigated.  
Under the frame of “Bottom-up” approach, two epitaxial growth mechanisms are mostly 
employed in different cases of III-V nanowire synthesis: vapor-liquid-solid (VLS) and vapor-
solid-solid (VSS), which are differed by their catalyst statuses.30-33 
2.2.1 Vapor-liquid-solid mechanism 
So far, catalyst-assisted VLS mechanism has become one major growth mechanism of 
epitaxial III-V semiconductor nanowires.34 This mechanism is a classical one and proposed 
firstly in 1960s by Wagner and Ellis.31 In their study, Si whiskers were grown on Si substrate 
with Au particle under SiCl4 vapor. Firstly, Au particles were sprayed on Si substrate. In this 
mechanism, the role of the Au particle was to form a liquid alloy droplet with relatively low 
eutectic point. Secondly, SiCl4 in vapor was decomposed on the particle surface and diffuses 
into Au particle. With a relatively lower eutectic point, Au-Si liquid alloy droplet then formed. 
Thirdly, when Si reached supersaturated, they segregated from droplet and stacked in the 
shape of silicon crystal. As a result, Si whiskers with alloy particles on top raised gradually 
by continuous supply of SiCl4. The process of Si whisker growth was schematically shown 
in Figure 2-2. 
8 
 
 
Figure 2-2 Schematic illustration of (a) silicon whisker growth and (b) related Au-Si diagram and (c) 
phase diagram of Au-Si from ASM Alloy Phase Diagram Database. 
In this process, three important factors were mentioned: (1) Si whiskers did not contain axial 
screw dislocations; (2) foreign elements were essential for Si whisker growth; (3) a droplet, 
like a cap of the whisker on its tip, was existing during growth. According to the VLS 
mechanism, the nanowire growth temperature needs to be higher than eutectic point in the 
corresponding alloy phase diagram. During the growth, alloy droplet plays a crucial role as 
sink to absorb Si atoms from vapor and transfer them to the liquid-solid interface. When Si 
concentration reaches over-saturated, excess Si precipitates from liquid droplet.  
Deeper understanding on VLS mechanism is developed along with study on III-V nanowires 
growth.34, 35 Duan, X. and C.M. Lieber  synthesized GaN nanowire though laser-assisted 
catalytic growth, which is in fact through VLS growth mechanism.36 Harmand, Patriarche et 
al. faricated GaAs nanowires by MBE.37 To clarify the growth mechanisms, the structure and 
the composition of the metallic particle after growth were analyzed by transmission electron 
microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS). Different Au-Ga crystal 
phases were found in as-grown catalysts. Based on Au-Ga phase diagram, the most 
important conclusion was that the catalyst must be in liquid phase during the nanowire 
growth. Similarily, InAs nanowire growth can be also realized by VLS mechanism. Hiruma, 
K. et al. fabricated InAs nanowires on GaAs{111}𝐵 substrate by chemical vapor deposition 
(CVD) assisted by mesh patterns formed in the SiO2 film, which was also one of the pioneers 
that synthesize III-V nanowire via VLS growth by CVD.38  Good selectivity was achieved 
within a narrow growth temperature range around 400°C. They attributed this selectivity and 
ultrafine nanowires to VLS mechanism. Recently, kinetic of nanowire growth under VLS 
mechanism has been studied by the so-called “Encoded Nanowire GRowth and Appearance 
through VLS and Etching” method,39-41 where two regimes were indentified: the diameter-
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dependent, crystallization-limited regime and the diameter-independent, incorporation-
limited regime (refer to Figure 2-3). This conclusion can be referred to tune the nanowire 
synthetic parameters for specific applications.  
 
Figure 2-3 Kinetic models illustrated in VLS growth of Si nanowire. (a) Schematic of liquid Au-Si 
alloy catalyst and solid Si nanowire with SiH4 incorporation and evaporation; (b) Different growth 
conditions into two regimes; (c-d) Schematic illustrations of incorporation limited and crystallization 
limited regimes. 
So far, Au-catalysed VLS growth method has been successfully applied on a variety of 
epitaxial III-V nanowires, such as GaAs,37, 42, 43 InAs,44, 45 and InP nanowires.46, 47 By tuning 
growth parameters, high-quality, taper-free GaAs nanowires could be generated via VLS 
growth mechanism in MOCVD.48, 49 The typical VLS growth process of GaAs nanowire is 
illustrated in Figure 2-4. As for the VLS growth of InAs nanowires in a recent study, it was 
found that the nanowire quality could be largely improved by simply elongating the growth 
duration.50 And the underlying reason is the change of supersaturation at the interface 
between the catalyst and the underlying nanowire. 
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Figure 2-4 Schematic of illustration showing the process of GaAs VLS growth witn Au-Ga alloy 
phase diagram, showing the catalyst status in each step. 
As an expansion of the conventional VLS growth, preferential interface nucleation (PIN, refer 
to Figure 2-5) mechanism has been proposed according to the fact that preferential 
nucleation takes place at the interface between the catalyst metal (can be called as collector) 
and the crystalline solid, which was always the lowest energetic interface.51 Specially, the 
edge of the interface, which was the so-called triple-phase boundary (TPB), was in 
minimized Gibbs free energy and more preferential nucleation site. In comparison with VLS 
mechanism, the most important idea delivered by this study is that the stable phases, the 
collection ability of this phase, and the interaction between the collector and the growing 
crystals at their interface are the key parameters. Therefore, the phase statuses are not 
necessarily specific and nanowire growth can be understood and explained in more general 
terms by the PIN mechanism. In addition, PIN mechanism emphasizes the variety of 
different nucleation on different interfaces and phases boundaries. 
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Figure 2-5 An illustration showing the TPB during PIN growth of a nanowire. (a) Three-dimensional 
depiction of the collector-wire interface with TPN in dark line; (b) Two-dimensional cross-section of 
(a); (c) Nucleation at the collector-crystal (nanowire) interface with TPB being replaced along growth 
direction; (d) New layer being formed by nucleation at the collector/crystal interface. e) The new layer 
is completely formed. f) Nucleation at the other end site of TPB.51 
 
2.2.2 Vapor-solid-solid mechanism 
Compared with the VLS mechanism, the VSS mechanism is a later proposed mechanism. 
In VSS growths, the catalysts are considered as in solid status and therefore the growth 
temperature is relatively lower than typical VLS growths. Growth temperature in this 
mechanism is lower than the alloy eutectic point and therefore nanowires are induced by 
solid alloy catalyst. Ann I. Persson and Magnus.W Larsson et.al.52 firstly questioned the VLS 
mechanism during GaAs nanowires growth and proposed that the catalyst remained solid 
rather than liquid status in the growth. Soon after that, the VSS mechanism was claimed by 
Yewu Wang et al. in their study on Al-catalysed Si nanowire grown by CVD.53 With solid 
status catalyst, it has been found that the typical VSS nanowire growth rate can be 10 to 
100 times slower than that of VLS growth, which can be attributed to the slower precursor 
decomposition, reduced adatoms diffusion and slower atoms incorporation due to sub-
eutectic temperature.54 
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Up to now, VSS mechanism has been demonstrated in the fabrication of a variety of III-V 
nanowires. For instance, Kimberly A. Dick and Knut Deppert et.al.55 found the failure of VLS 
mechanism in Au-catalysed growth of InAs nanowires in MOCVD. Since InAs nanowire 
growth has been demonstrated for temperatures as low as 400 °C ~ 420 °C, which was 
clearly below the Au-In eutectic melting point (455 °C). Thus, it was easy to clarify that 
catalyst droplet remained in solid rather than in liquid. Furthermore, they summarized Au 
assisted growth behaviour of different III-V materials including GaP, InP, InAs and GaAs 
nanowires.4, 56, 57 The most important result in this work is that the Au particle is not always 
inert with the semiconductor, as has been always recognized, but is able to interact with it 
to form inter-metallic compounds. Moreover, the catalytic particle is kept in solid phase 
rather than liquid phase.  
It has been found that the catalyst status is closely related with their sizes.57, 58 In the study 
of Pd-catalysed growth of one-dimensional structures, both VLS and VSS were found 
applied in the same batch of nanostructure fabrication. The smaller Pd nanoparticles 
induced nanowire via the VLS mechanism while the larger nanoparticles induced shorter 
and thicker one-dimensional nanostructure via the VSS mechanism (refer to Figure 2-6). 
Since smaller Pd nanoparticles (30 nm or less) can absorb much higher amount of In than 
larger Pd particles due to their larger surface/volume ratios, it is easier for smaller Pd to act 
as liquid catalysts (refer to Figure 2-6a). Similar phenomenon was also observed in the Au-
catalysed InAs nanowire growth, in which the quality of nanowires was controlled by the 
catalyst size (refer to Figure 2-6b). This study importantly suggests that the size of catalysts 
plays a key role in the selection of growth mechanism. 
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Figure 2-6 Schematic illustration of co-existed VLS and VSS grown InAs one-dimensional 
nanostructures. (a) InAs nanowires are induced by smaller Pd catalysts with higher In concentration 
while the nanorods are induced by larger, faceted Pd catalysts via VSS growth.58 (b) High-quality 
InAs nanowires induced by smaller Au catalyst via VLS growth while low-quality nanowire induced 
by larger Au catalyst via VSS growth.57 
For both VLS and VSS nanowire growth with foreign metallic catalysts, Au is the primary 
choice due to the fact that Au can form lower-temperature eutectic alloy with a wide range 
of semiconductor elements and it has stable thermal features.59, 60 However, it is problematic 
to combine Au-assisted nanowire growth with mature Si technology due to Au can form deep 
level trap and undesirable immigration in Si.61, 62 To address this issue, alternative metals 
have been selected to be catalysts for nanowire growth, such as Ag, Ni, Sn and Pd.63-66 
Furthermore, self-catalysed approaches are considered to induce the nanowires growth to 
avoid that metallic catalysts may introduce impurities into the nanowire growth.67-71 Mandl, 
B., et al.69 did a systematic work to summarize the growth mechanisms without foreign 
catalysts. Generally there are three mechanisms that are respectively employed in self-
catalysed nanowires growth: selective area epitaxy (SAE)72, oxide-assisted growth (OAG),73 
homo-particle growth.74  
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The three typical self-catalysed growth mechanisms are shown in Figure 2-7: (a) SAE. A 
mask layer is the most important part in this progress, on which holes need to be controlled 
very well, out of which wires grow in a layer-by-layer mode (Figure 2-7a). The mask layer 
controls the growth direction of nanowires to ensure the growth continues one-
dimensionally, in contrast to lateral overgrowth, even above the mask layer. It is attributed 
to the formation of slowly growing side facets with a low surface energy. No seed particle is 
needed in SAE and it may be the most widely accepted growth mechanism; (b) OAG. Phase 
separation results in a semiconductor core and corresponding oxide shell in OAG (Figure 
2-7b). This shell plays as passivating layer for core and suppress its lateral growth; (c) 
Homo-particle growth. A seed particle containing one or all elements same as the nanowire. 
Supersaturation of the growth system is main driving force of material crystallization at the 
seed particle/crystal interface. The size of seed particle is variable during growth (Figure 
2-7c).In III-V nanowires growth, nanowires were always induced from the atmosphere 
through a droplet of the native group-III liquid.75, 76 
 
Figure 2-7 Schematic representation of typical self-catalysed nanowire growth mechanisms. (a) 
SAE, (b) OAG, and (c) Homo-particle catalysed. 
In this section, we summarized the VLS and VSS growth mechanisms, which are mostly 
applied in nanowire growth. Additionally, we have a brief discussion on the self-catalysed 
nanowire growth. However, both VLS and VSS, even with some other possible mechanisms 
(solution–liquid–solid, solid–liquid–solid) are reported and questioned repeatedly.77 
Mechanisms under different situations should be considered individually, it is unreasonable 
to have a common rule to identify the growth mechanism employed in every case. 
2.2.3 Nanowires growth techniques 
A range of facilities have been developed mature to fabricate nanowires. In this section, 
some major techniques, including CVD, MOCVD, MBE, chemical beam epitaxy (CBE) and 
most recently reported Aerotaxy, will be discussed. Note that in these techniques above, 
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MBE is fundamentally different with others because the source material for MBE is pure 
molecular beams rather than precursor fluxes used in CVD/MOCVD/CBE/Aerotaxy 
techniques. 
 
Figure 2-8 Schematic image showing the simplified configuration of a typical CVD system 
CVD. CVD is one of the most classical system for crystal growth via lay-by-layer 
deposition.78, 79 It has been extensively used in fabrication of semiconductors in both industry 
and research institutions.80-84 Broadly speaking, the core concept of CVD is the formation of 
epitaxial thin solid films on the wafer substrate by chemical reactions between vapor 
precursors. The volatile precursors are transported into reaction chamber by precisely 
controlled carrier gas, such as ultra-pure H2 or N2. After transportation of precursors to the 
heating reaction zone, vapor chemical reactions take place to produce reactive 
intermediates. Meanwhile, gaseous by-products are formed at this stage, which are 
removed away by carrier gas. The reactants from ambient arrive at the substrate surface 
and are absorbed. By surface diffusion, reactants migrate to nucleation sites and chemical 
reactions here result in film formation. At last, desorption and decomposition of left 
fragments leave the reaction zone. To control the layered structure formation, the precursors 
used in CVD must meet critical requirements and the precursor pressure is the key factor 
for the quality of deposited layers. After years of development with wide-range of 
applications, CVD technique has a series of variants, for instance: MOCVD, which is the 
most popular CVD technique and will be discussed later; plasma-enhanced CVD, which 
aims to a lower growth temperature; atomic layer deposition, also known as ALCVD, in which 
gaseous precursors are introduced to the substrate surface in sequence and the reactor is 
purged with an inert gas, or evacuated, between the precursor pulses. 
MOCVD. MOCVD is also known as metal-organic vapor phase epitaxy (MOVPE) or 
organometallic vapor phase epitaxy (OMVPE).85, 86 MOCVD is one specific sort of CVD 
systems to produce single or polycrystalline thin films with high-quality abruptness. MOCVD, 
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as a technique, was firstly defined by Manasevit and his co-workers, and their first 
publication based on MOCVD is about the deposition of GaAs layers in 1968.87 After 
decades of development, MOCVD has combined outstanding accuracy well with suitable 
efficiency for industrial productivity. In recent decade, it has become the major process for 
electronic and optoelectronics device fabrication based on semiconductor materials.88, 89  
Compared with conventional CVD, one major feature of MOCVD is that metal-organic 
precursors are utilized, which provides much more precise control on the precursor flux rate, 
chamber temperature and precursor purity. It is a highly complex process for fabricating 
crystals via layer-by-layer deposition to create complex semiconductor multilayer structures, 
including one dimensional, two dimensional nanostructures and quantum dots.90-93 MOCVD 
is a chemical-based system and chemical reaction happens between metal-organic 
precursors and hydrides in vapor, such as trimethyl-gallium (TMGa), trimethyl-indium (TMIn) 
and AsH3, under certain pressure in reaction chamber of MOCVD. The chemical reactions 
supply decomposed atoms which participate in crystal growth. For instance, GaAs 
nanowires growth rely on Ga and As atoms from vapor, which are decomposed from TMGa 
and AsH3. The schematic image of typical MOCVD system is shown in Figure 2-8. In this 
thesis, all nanowires are synthetized by MOCVD and their synthesis will be discussed in 
details later. 
Since the MOCVD is a sealed “black-box”, the exact decomposition and reaction inside are 
not clearly understood. However, based on the fact that gas dynamic partly determines the 
reaction and reaction pathways are directly related to the precursor chemicals, the 
fundamental processes inside MOCVD system has been well summarized as following in 
Table 2-1.94 
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Table 2-1 Important processes in MOCVD 
Process  Details 
Mass transportation The reactant precursors are delivered into the reactor cell by 
carries gas. A “boundary layer” with concentration gradient will be 
formed above the substrate surface. Then, the precursor 
molecules will pass through the concentration gradient layer to 
arrive at the surface, where reactions take place. The thickness of 
the concentration gradient layer can be tuned by the chamber 
pressure and velocity of the carrier gas. 
Chemical reaction The material synthesis in MOCVD is based on complex chemical 
reactions and there are two types of processes involved: surface 
chemical process and gas phase chemical reactions. 
Thermodynamical 
process 
The nanowire (and other materials) growth rate is significantly 
impacted by thermodynamical features, result in the deviation from 
equilibrium status, which is driving force for growth. During the 
material growth, defects are closely related to the 
thermodynamical instability. Furthermore, the advantageous 
growth orientations are fundamentally determined by 
thermodynamic. 
Physical process This is a multiple process that includes: the absorption and 
deposition of molecules or radicals onto the substrate surface; the 
species diffusion on the substrate and the material surface; the 
desorption of reactants from the substrate and material surfaces 
into the vapor ambient and then are transported by the carrier gas 
away from the MOCVD reaction chamber, into the waste gas 
processing system. 
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Figure 2-9 A schematic showing the MOCVD system used in this thesis95 
MBE. MBE is a technique for growing thin epitaxial films of a wide variety of materials, 
including oxides, semiconductors and metals.96 MBE is initially designed for the growth of 
compound semiconductors by J. R. Arthur and A.Y. Cho in late 1960s97, and it is still one of 
the most common fabrication instrument for semiconductor materials nowadays. In this 
process, beams of atoms or molecules move from sources to heated, pre-processed crystal 
wafers though the ultra-high vacuum environment to produce a nearly atomically clean film. 
The major difference between MBE and MOCVD is that all materials are supplied directly in 
the form of atoms or molecules without any chemical reaction required in MBE chamber. As 
the sources can be switched rapidly, the crystalline interfaces are almost atomically sharp. 
From this point of view, MBE is advantageous in highly precise controlling the 
nanostructures while its fabrication is much slower compared with MOCVD. Another 
superiority of MBE is its compatibility with in-situ techniques, such as reflection high-energy 
electron diffraction and scanning tunnel microscopy, to monitor and help accurately control 
the real-time epitaxial.98, 99 
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Figure 2-10 The schematic of a typical MBE100 
CBE. CBE is a typical ultrahigh vacuum (UHV) technique using volatile metal-organic 
chemicals (e.g. III-alkyl ) and gaseous (e.g. AsH3) as precursors.101, 102 Basically, the design 
of CBE is intentional to combine the features of MOCVD and MBE. Namely, metal-organic 
precursors are utilized in CBE but chemicals reactions only take place at the substrate 
surface, i.e. no vapor reactions in the UHV chamber. Compared with conventional CVD, a 
promising aspect of CBE is to take advantage of in-situ techniques like what MBE has 
undertaken (i.e. RHEED and STM). However, the UHV condition limits the reactions in CBE 
processing at the temperature no higher than 700 C, which requires the pre-pyrolysis 
procedure for some precursors with higher decomposition temperature.  
 
Figure 2-11 Schematic of typical CBE 79 
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Aerotaxy. Aerotaxy is an evolutionary, substrate-free technique mainly for one-dimensional 
nanostructures’ growths, which has been reported most recently.103-105 Among all other 
techniques we have mentioned above, substrates are necessary and key factors actually. 
Meanwhile, a certain substrate material also leads to limitations on the choice of epitaxial 
materials. For instance, Au catalyst is supposed to be undesirable catalyst for the III-V 
nanowires fabrication on Si substrate because it may form deep-level trap with Si. For 
another instance, lattice mismatch levels between epitaxial materials and substrates has to 
be taken into consideration, which actually adds more limitations on the experimental design 
and industrial production in the future. On the other hand, all conventional epitaxial growths 
are batch-based, which are low in production efficiency. In Aerotaxy, the metal-precursors 
flow through the reaction column and nanowires nucleation take place at the catalysts-
ambient interfaces. The nanowires are fabricated continuously with the fluxes supply and its 
growth rates can be times faster than MOCVD. Figure 2-12 illustrates the Aerotaxy process 
of Au-catalysed GaAsP nanowires.106  
 
Figure 2-12 Schematic of the Aerotaxy system. At the first stage, size-selected Au droplets and III-
precursors are introduced from the entrance at the top of reactor. At the second stage, V-precursors 
are introduced into the reactor. Nanowire growth starts here. The growth mainly takes places in T2, 
where temperature is precisely controlled.T1 and T3 are assisting to design the temperature profile 
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in reactor. Below the reactor bottom, there is a silicon substrate collecting the as-grown nanowires 
in an electrostatic precipitator.106 
 
Each system has its own merits, while MBE and MOCVD are generally the most common 
methods for epitaxial growth of III-V nanowires.  
2.3 III-V nanowire morphology 
The morphologies of nanowires are closely related with their growth conditions and in turn 
influence nanowire performance in application. So far, the controllability on nanowire 
morphology has been achieved in different cases by tuning one or multi growth parameters. 
Nanowire morphology is a general concept and therefore we will discuss it in several aspects 
in this section. 
2.3.1 Nanowire growth orientation 
Controllability on nanowire growth direction has been investigated for III-V nanowires. From 
energetic point of view, nanowire normally grows perpendicular to the crystalline plane with 
lowest nanoparticle-nanowire interfacial energy. In most cases, Au-assisted III-V nanowire 
growth takes place in the group V-terminated (1̅1̅1̅)𝐵  crystallographic direction in zinc 
blende (ZB) structure or 〈0001〉 direction for wurtzite (WZ) structured nanowires. These 
directions are favoured because of the lowest interfacial energy of catalyst-nanowire 
interface at (1̅1̅1̅)𝐵 or (0001̅)𝐵 plane.
107 Even grown on non-(1̅1̅1̅) substrate plane, it can be 
found that nanowires were inclined to align themselves along [1̅1̅1̅]/[0001̅].108-111 However, 
the nucleation energy difference between WZ and ZB is quite small at (1̅1̅1̅)𝐵 or (0001̅)𝐵 
catalyst-nanowire interface, which undesirably leads to the mixture of WZ and ZB (i.e. 
polytypism) in nanowires. Detailed discussion regarding this crystal structural issue will be 
presented in next section.  
Several studies have demonstrated that the growth orientations of III-V nanowires can be 
tuned by catalyst engineering. 112-114 56, 111 It was found that InP nanowires’ growth directions 
could be reversely switched between 〈100〉 and 〈111〉𝐵 by tuning the catalyst composition. 
At the beginning, the 〈100〉 InP nanowires were in highly yield on the InP (100) substrate. 
Then the In source was switched off to lower the catalyst supersaturation (i.e. In 
concentration), switching nanowires growth direction to 〈111〉𝐵. Finally, the growth direction 
of InP nanowires could be switched back to 〈100〉 through switching off the phosphine while 
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keeping trimethyl-indium on, namely, the In concentration in catalyst was increased.113 The 
close relationship between In concentration and growth direction is explained by the catalyst 
- nanowire interfacial energetic change (refer to Figure 2-13b). The catalyst engineering can 
be also applied to the InAs nanowire growth in MBE, in which three groups of InAs nanowires 
were categorized in different growth orientations.56 Other than conventional vertical 〈0001̅〉 
nanowires, 〈001̅〉  inclined and 〈0001̅〉 − 〈001̅〉  kinked nanowires with {001̅}  catalyst-
nanowire interfaces were also found on GaAs (1̅1̅1̅) substrate. It was found that the In 
concentration in the catalysts of inclined and kinked nanowires were similar and higher than 
the catalyst of 〈0001̅〉 nanowires. Interestingly, in many cases, the nanowire quality in non-
〈111〉𝐵 /〈0001〉 nanowires especially with non {111}/{0001} catalyst-nanowire interface is 
relatively higher than those conventional 〈111〉𝐵/〈0001〉 nanowires. 
In addition, we find that there should be links between nanowire growth directions and 
growth mechanisms. In the Au-catalysed InAs nanowire growths, high-quality 〈001̅〉  ZB 
structured nanowire with {001̅}  catalyst-nanowire interface was induced by VSS 
mechanism,56 while defect-free ZB structured InAs nanowires grown via VLS mechanism 
were along 〈1̅1̅0〉  orientation and adopted {1̅1̅1̅}  catalyst-nanowire interface.112 This is 
understandable because low-energy {1̅1̅1̅} interface should be easier kept when the catalyst 
is liquid. In another case, Yichao Zou et.al.115 investigated the Au-catalysed and catalyst-
free grown Bi2Se3 one dimensional nanostructures. It was found that the Au catalyst induced 
〈112̅0〉  nanoribbons and 〈0001〉  nanowires by VSS mechanism, and catalyst-free 
nanoribbons along 〈112̅0〉 directions were grown via VLS mechanism. 
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Figure 2-13 (a) The change of catalyst droplet and the nanowire growth direction when In 
filling/depletion: a, the initial 〈100〉 growth of InP nanowire by using trimethyl-indium (TMIn) and 
phosphine as precursor; b, the nanowire growth direction changes from 〈100〉 to 〈111〉 after TMIn is 
off and depleted in catalyst; c, the nanowire continues to grow in the 〈111〉 direction with TMI on; d, 
PH3 is off and the droplet is filled with In; e, the nanowire growth direction changes from 〈111〉 back 
to 〈100〉 and continues to grow in the 〈100〉 direction with PH3 on. (b) Contour plot of the difference 
between ∆𝐺111
∗  and ∆𝐺100
∗  versus the 𝛾𝐿𝑉  and contact angle 𝛽  , indicating the preferable 〈100〉 
growth with higher In in catalyst. (c) scanning electron microscopy (SEM) images show the 
controlability of InP nanowires growth direction between and 〈111〉 and 〈100〉 (scalebars are 200 nm). 
(d) Schematic illustration of the different InAs nanowires growth directions on GaAs {111}𝐵 substrate. 
2.3.2 Tapering morphology of nanowires 
Tapering morphology is a commonly observed feature in III-V nanowires. To understand the 
tapering in III-V nanowires, it should be noted that nanowires grow axially and radially 
simultaneously. The VLS mechanism, which has been summarised in Figure 2-14, can be 
applied to the nanowire axial growth. For axial growth, it is generally accepted that there are 
three sources of material contribution: the atoms from the ambient around the catalyst, the 
diffusing atoms from the sidewalls and the substrate to the triple-phase line. As for radial 
growth, also known as lateral growth, it is the incorporation process of materials on the 
nanowire sidewalls. The so-called “vapor-solid” (VS) mechanism116, 117 is applicable for 
radial growth and two different atom “sources” contribute to it. One “source” is the atoms 
from vapor directly absorbed and incorporated onto the sidewalls of nanowires, the other 
“source” is that adatoms on substrate, which diffuse and incorporate on the sidewalls, as 
illustrated in Figure 2-14. 
 
Figure 2-14 Schematic illustration of adatoms contributions to (a) axial growth and (b) radial 
growth 95 
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Nanowire lower parts are grown in earlier stage and exposed to the ambient for a longer 
duration than later grown top parts. Moreover, the lower parts are closer to the substrate. 
Therefore, more resources will be collected on the lower parts of nanowires. Consequently, 
lower sections have more radial growth than higher section.118 Thus, wider basements and 
relatively narrower tops can be seen in III-V nanowires, which is defined as tapering in 
morphology. The tapering level of individual nanowire can be described by Tapering Factor, 
which represents the relationship between axial (𝑅𝐴𝑥𝑖𝑎𝑙) and radial (𝑅𝑅𝑎𝑑𝑖𝑎𝑙) growth rate. 
The 𝑅𝐴𝑥𝑖𝑎𝑙  indicates the increasing length (𝑑𝑙) of nanowire in certain time (𝑑𝑡), which is 
defined by equation below: 
𝑅𝐴𝑥𝑖𝑎𝑙 =
𝑑𝑙
𝑑𝑡
                                                 Equation 2-1 
To utilize it more convenient in practice, this can be approximated as: 
𝑅𝑎𝑥𝑖𝑎𝑙 =
𝐿
𝑡𝑔
                                                 Equation 2-2 
where 𝐿 is the whole length of nanowire from base to tip and 𝑡𝑔 is the total growth time. 
Similarly, 𝑅𝑅𝑎𝑑𝑖𝑎𝑙 indicates the increasing radii (𝑑𝑟) of nanowire in certain time (𝑑𝑡), which is 
defined by equation below: 
𝑅𝑟𝑎𝑑𝑖𝑎𝑙 =
𝑑𝑟
𝑑𝑡
                                               Equation 2-3 
Also, this can be approximated as: 
𝑅𝑟𝑎𝑑𝑖𝑎𝑙 =
𝑟𝑏−𝑟𝑡
𝑡
                                           Equation 2-4 
where 𝑟𝑏 and 𝑟𝑡 represent radii at base and tip, respectively, and 𝑡 means total growth time. 
The relationship between 𝑅𝐴𝑥𝑖𝑎𝑙  and 𝑅𝑅𝑎𝑑𝑖𝑎𝑙  directly determines tapering of nanowires. In 
order to describe tapering level of nanowire, tapering parameter, which indicates the 
increasing of radii (nm) per unit length(µm), is present in the equation below: 
𝑇𝑎𝑝𝑒𝑟𝑖𝑛𝑔 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 =
𝑅𝑟𝑎𝑑𝑖𝑎𝑙
𝑅𝑎𝑥𝑖𝑎𝑙
=
𝑑𝑟
𝑑𝑡
                               Equation 2-5 
Simply speaking, with larger 𝑅𝑅𝑎𝑑𝑖𝑎𝑙 and/or smaller𝑅𝐴𝑥𝑖𝑎𝑙, nanowires appear more tapering 
in morphology. 
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So far, the temperature profiles in nanowire growth has been found as one of the most 
important impact factors on the nanowire tapering. The radial growth is a kinetic process 
and therefore, the absorption, evaporation and incorporation of atoms on the nanowire 
sidewalls largely depend on the growth temperature. Generally speaking, the radial growth 
will be weaken at a relatively lower temperature, which helps to eliminate the tapering 
morphology.43 However, the axial growth will also be hindered if the growth temperature is 
too low and still results in the tapering morphology.119 Therefore, a suitable range of growth 
temperature is critically important for the nanowires to be free of tapering.48  
2.3.3 Sidewall facets of III-V nanowires 
Nanowire sidewall surfaces have important influence over their electronic,120, 121 
thermoelectric,122 and structural properties.123, 124 If we look at the cross-sections of 
nanowires, we will find that they are mostly not circular and the nanowires are not rod-like 
in most cases. On the contrary, nanowires always show symmetry facets in certain 
orientations, which are affected by growth temperature,125 crystal structures and other 
parameters.126 For instance, hexagonal cross section is common in WZ nanowires, with six 
{1120} or {1100} facets. As both six {1120} and {1100} are non-polar planes, the width of 
each facet in hexagon is uniform (refer to Figure 2-16 a and b). However, in ZB structure 
nanowires, the situation is more complex (refer to Figure 2-16 d to f). The {110} or {112} 
planes are common side facets which form the ZB nanowire cross-section in hexagonal 
shape. And {110}/{112} in ZB nanowires are respectively equivalent with {1120} / {1100} in 
WZ nanowires. ZB nanowires can be composed of truncated octahedral segments (refer to 
Figure 2-15) to form twining super lattice (TSL), each with three {11̅1̅}𝐴 and three {1̅11}𝐵 
side-facets, resulted by rotational twins and lateral growth on side-facets.127, 128 Figure 2-16 
schematically illustrates the possible sidewall facets of 〈111〉 nanowires. 
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Figure 2-15 (a) Schematic representation of the nanowire segment with equivalent {111} planes; (b) 
The cross-section of nanowire near the catalyst-nanowire interface (initial stage), corresponding to 
position 1 in (a); Due to the polarity of side facets, {111}𝐴  edges increase and {111}𝐵  edges 
decrease in length during vertical growth, and the hexagonal cross-section develops into a truncated-
triangular cross-section; Then it is energetically preferable for a twin appearance rather than a fully 
developed triangular cross-section; After the twin formation, the cross-section transforms back to 
hexagonal. This cycle of cross-section evolvement is repeated as in (b).129 
Since {112} planes are polarized and there are more dangling bonds at {112}𝐴  planes, 
lateral growth will result in the truncated triangular cross-sections with larger {112}𝐵 and 
smaller {112}𝐴 side facets. This sort of polarized sidewall facets has been demonstrated in 
a variety of III-V nanowires.129-132 Furthermore, twins may appear and lead to more complex 
side facets. Twin planes perpendicular to nanowire growth direction can rotate by 60º around 
[1̅1̅1̅] growth axis. Thus the twin plane separate the section of nanowires into two parts: the 
part above the twin consists of three smaller {1̅1̅2}𝐴 side facets and three larger {12̅1}𝐵 side 
facets; by rotation, the {1̅1̅2}𝐴/{12̅1}𝐵 facets transform to {12̅1}𝐵/{1̅1̅2}𝐴 side facets
128-130, 133, 
134. Additionally, “grooves” will occur on the {112}𝐴 sidewalls if a thin twin section is inserted 
into the nanowire. And since lateral growth on {112}𝐴 is faster than {112}𝐵, “grooves” only 
appear on {112}𝐴 (refer to Figure 2-16 f).
130, 135  
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Figure 2-16 Schematic illustration of typical nanowire sidewall facets. (a-b) Standard hexagonal 
cross-section with six {110} / {112}  and {112̅} / {1100}  sidewalls; (c) Octahedral segments in 
nanowires with {111}𝐴 and {111}𝐵 side facets; (d) Truncated triangular cross-section with polarized 
{112} facets; (e) With twin insertation between two segments, the upper triangular segment rotates 
60° about the nanowire axis, relative to the lower segment; (f) Effect of a thin twin segment on the 
nanowire. “Grooves” are formed on the {112}𝐴 facets due to their faster lateral growth than {112}𝐵. 
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2.4 Crystal structures of III-V nanowires 
Individual nanowires are typical single crystals and their electronic and optoelectronic 
properties are closely related with their structural natures.136, 137 Therefore, understanding 
and controlling the nanowire crystal structure is necessary for designing nanowire-based 
device. In this section, we will summarize the structural characteristics of III-V nanowires 
and discuss the structural controllability of the nanowires. 
2.4.1 ZB and WZ structures in nanowires 
ZB and WZ are two most common structures in III-V semiconductor nanowires. ZB structure 
is one kind of face centred cubic (fcc) structures. It has tetrahedral coordination: each atom 
has nearest neighbouring four atoms of the opposite type, positioned like the four vertexes 
of a regular tetrahedron. Overall, the arrangement of atoms in ZB structure is the same as 
diamond cubic structure, but with alternating types of atoms at the different lattice sites. 
Normal compounds with ZB structure include GaAs and AlP, and a wide variety of other 
binary III-V compounds. The cubic closing pack (ccp) direction in ZB structure is along 〈111〉. 
Therefore, the dense atomic planes are {111} , showing a stacking sequence as 
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…ABCABC…along 〈111〉 direction with each character representing for a bilayer of atoms, 
e.g. Ga atom and As atom in GaAs nanowires.  
 
Figure 2-17 Unit cell in (a) ZB structure (http://commons.wikimedia.org/wiki/File:Sphalerite-unit-cell-
3D-balls.png) and (b) WZ poly-hedra (http://commons.wikimedia.org/wiki/File: 
Wurtzite_polyhedra.png). 
The WZ crystal structure is one kind of hexagonal closed packed (hcp) system. This 
structure also consists of tetrahedrally coordinated cation and anion atoms. The closing pack 
direction in WZ structure is 〈0001〉, thus the dense atomic planes are {0001} which show a 
stacking sequence as…ABABAB…along 〈0001〉 direction with each character representing 
for a bilayer of atoms, e.g. Ga and As atom in GaAs nanowires. Figure 2-18 can be referred 
although it is indicative for ZnS. In Figure 2-19, HRTEM images of ZB and WZ nanowires 
are presented. 
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Figure 2-18 Planar schematic of side view and top view on WZ and ZB structured ZnS. The side 
view is along 〈110〉/〈112̅0〉 and the top view is along 〈111〉/〈0001〉.138 
It is worth to note that, conventionally, most of III-V semiconductor compounds (bulk) apply 
ZB as stable crystalline structure while WZ is at most metastable phase and should 
transform to ZB at last.139, 140 So WZ structure is hardly found in as-grown III-V bulk 
semiconductors. However, this is not the case in III-V nanowires. It has been confirmed that 
both ZB and WZ are common crystal structures in III-V nanowires, and they can co-exist 
under certain circumstance. The reason why WZ can be a stable crystal phase in nanowires 
has been explained by Frank Glas et.al. 141. Taking the VLS growth of Au-catalysed GaAs 
nanowire as example, due to the unique nucleation mechanism of nanowires at the catalyst-
nanowire-ambient triple-phase junction, the preference for WZ or ZB is largely related with 
the catalyst supersaturation. And it is found that smaller radii and higher catalyst 
supersaturation will promote the WZ formation. 141 The mixture of WZ and ZB, which is called 
polytypism, is frequently observed in III-V nanowires and will be discussed in more details 
in following section. 
30 
 
 
Figure 2-19 (a) Typical ZB-structured GaAs nanowires with (b) HRTEM image showing the ZB 
structure sequence and inset of the corresponding diffraction pattern; (c) WZ-structured GaAs 
nanowire and (d) one segment with selective area electron diffraction pattern and (e) HRTEM image 
showing the WZ sequence. All figures viewed along 〈110〉/〈112̅0〉.142, 143 
In recent years, the development of in-situ TEM techniques provided the possibility to 
observe the real-time layer by layer growth of ZB or WZ structured nanowires and probe the 
phenomena controlling the phase switch at the catalyst-nanowire interface.144-146 In 2016, 
Frances et. al.147 observed the interfaces of catalysts-GaAs nanowires and demonstrated 
the dynamics and crystal switching in nanowires. In their study, the real-time difference of 
interface morphology, step flow and catalyst geometry can be clearly found and the 
associated phase changing was explained by using a model involving the catalyst volume, 
the catalyst-nanowire contact angle and the nucleation site of each GaAs layer, refer to 
Figure 2-20. 
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Figure 2-20 (a-c) Changes of catalyst volume during phase switching. (a) BF-TEM images obtained 
during growth of a GaAs nanowire at varying AsH3 pressure, constant temperature and TMGa 
pressure. (b) Droplet aspect and contact angle at different time. The coloured frames are 
corresponding to the BF-TEM images in (a). In the plot, each red square marks the occurrence of a 
truncation of the top facet and nucleation of a ZB bilayer and each blue square marks the 
identification of WZ growth via step flow. (c) AsH3 pressure change over time. (d-g) Growth of a WZ 
nanowire containing multiple narrow ZB segments. (d) Droplet aspect ratio (h/d) and contact angle 
as dependences of time, in which each blue or red square indicates one layer of WZ (blue) and ZB 
(red). (e) AsH3 pressure variation over time. Image of the nanowire at the beginning (g) and end (f) 
of the experiments. All scale bars are 10 nm. 147 
In addition, it has been found that the catalyst-nanowire interfacial energy is the key factor 
for ZB/WZ phase selection, which is also the fundamental factor impacting on the phase 
purity in III-V nanowires. Therefore, more detailed literature review will be given in next 
section. 
2.4.2 Defects and quality control of nanowires 
The phase quality control, in other words, defect elimination, is always an important as well 
as a challenging task for the III-V nanowire growth.49, 50, 148, 149 With defects in ZB or WZ 
structured nanowires, the phase purity of the nanowire will be degraded, which is 
undesirable because the quality of the nanowire is normally considered to be in positive 
correlation with its electronic and optoelectronic properties.150-152  
First of all, we need to understand the types of defects in III-V nanowires.153 To our 
knowledge, twins and/or stacking faults are the most common defects found in reported III-
V nanowires. Twin in the ZB nanowire is a consequence when single atom bilayer is stacking 
faultily into ZB structure and mirrors the sequence of ABC to CBA. Normally, the sequence 
of atom bilayers in ZB structure along closed pack direction is …ABCABC…, which has 
been mentioned in last section. While twin defect happens, the original sequence changes 
into …ABCACBA…. Therefore, the second A in this sequence is the faultily stacked bilayer, 
which is called twin plane and leads to twin defect. In addition, if twin plan occurs periodically 
after each bilayer, then ZB will be converted to WZ structure, i.e. …ABCACAC…. Therefore, 
the WZ structure can be equivalent to ZB structure with a twin plane after each bilayer. As 
for WZ structure, stacking fault occurs when a bilayer locates at a wrong position, that is, C 
insert into …ABABABAB… sequence and convert it to …ABABCBCB…. With one bilayer 
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faultily stacked, there will be one ZB unit (ABC) in the WZ segment. The twins and stacking 
faults in ZB and WZ structured nanowires can be seen in Figure 2-21. 
 
Figure 2-21 HRTEM images of segments in InAs and InAs1-xSbx nanowires showing defect-free 
regions of wurtzite and zinc-blende structures and the various planar defects. The planar defects in 
the nanowires are categorized into different groups including rotational twins, intrinsic stacking faults, 
extrinsic stacking faults and grain boundaries. The black arrow in each image suggest the growth 
direction of the nanowire. The letter in different colours indicate for individual atom bilayer. The scale 
bar is 1 nm for all images. 154 
The polytypism is a consequence of twins and stacking faults appearing repeatedly in 
nanowires. A single twin plane in ZB structure will not lead to polytypism in it. Since 
polytypism in the crystal is in direct correlation with optical and electronic properties of 
nanostructure, the polytypism engineering is crucial to control and improve the properties of 
nanowire-based devices. 133, 155-159 To understand polytypism in nanowires, we should treat 
the nanowires’ structures as different stacking sequence of the bilayers along their growth 
directions. Therefore, the crystal structures in polytypes can be catalogued into different 
combinations. The ZB structure is indexed as 3C by Ramsdell notation and the WZ structure 
as 2H in the nanowire, which are indicated in Figure 2-22(a) and (b), viewed along 〈110〉 
zone-axes. In addition to these two intrinsic stacking sequence (ZB and WZ), 4H and 6H 
with longer periods can also be observed in III-V nanowires when stacking faults and twins 
occur in 2H.160-164 The stacking sequence of 4H is …ABACABAC…and the stacking 
sequence of 6H is indicated as …ABCBACABCBAC…, refer to Figure 2-22(c) and (d) 
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respectively. Figure 2-22(e–j) show the experimentally observed polytypes in [111]𝐵 
GaAsSb nanowires, suggesting the conversion between 3C, 2H and 4H. 
 
Figure 2-22 Polytypism in different III-V nanowires and their heterostructures. (a-d) Schematics of 
the varied atom stacking sequences: ZB (3C, a), WZ (2H, b), 4H (c) and 6H (d); (e-j) TEM images 
taken from the [111]𝐵 heterostructured GaAs/GaAsSb nanowires. (e) Dark field TEM image around 
2H (11̅00) reflection (no reflection from the GaAsSb segment), which reveals the WZ phase of GaAs, 
ZB phase of the GaAsSb insert, GaAs 3C micro-twin phase, and GaAs 4H polytype phase. The twins 
of T1 and T2 between GaAs/GaAsSb are pointed out with white arrows. (f) HRTEM image showing 
area of interface T2, (g) HRTEM image showing area of interface T1. (d,e,f) Corresponding Fast 
Fourier transforms (FFT) of the GaAs 4H polytype above the insert, the GaAsSb ZB insert, and the 
GaAs WZ phases below the insert, respectively. The thick circle in (d) indicates the 1/4(0002̅) 
reflection characteristic for a 4H polytype phase, whereas the two thin circles marked in diffraction 
spots of (11̅00) and (0002̅). (k-l) HRTEM images along the 〈11̅0〉 zone axis of gold particle seeded 
GaAs nanowires grown with MOVPE at (a) 630 °C and (b) 690 °C with segments of 4H and 6H 
inside. The inset is the segment grown at elevated 630 °C to 690 °C, in which contains random 
crystal structure containing 4H and 6H and H indicates a high density of planar defects. (m-o) TEM 
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images of InAs1-xSbx/InAs hetero-nanowires viewed along 〈11̅0〉 zone axis. (m) Overview of the 
nanowires segment shows the transition from 3C to 2H via 4H after the Sb2 flux is off. Then the 2H 
changes back to 3C when the Sb2 is turned on again; (n) The HRTEM image showing 2H, 4H and 
3C segments in (m), with the corresponding FFTs in (o-q) respectively. 157, 164  
The ultimate goal in nanowire community is to realize the thorough control on nanowire 
quality. There are a variety of strategies to eliminate the planar defects and resultant 
polytypism in nanowires. From our understanding, these strategies can be generally 
summarized into two groups. Firstly, it has been well documented that by tuning growth 
parameters including growth temperatures,48, 49 V/III ratios,119, 148 precursors fluxes149, 165 
and catalyst sizes57, 166-169 will optimize the nanowire quality. And it is of interest to note that 
in many cases, two or even more factors above are interrelated to gain high-quality III-V 
nanowires.43, 170 In addition, Zhou et.al.50 unexpectedly found that growth duration can also 
influence the GaAs nanowire quality in MBE. By simply prolonging the growth duration, the 
phase purity of GaAs nanowires quality was largely improved, which provides new 
approaches and ideas for optimizing the structural quality of nanowires. Secondly, it has 
been found that an alternative strategy to reduce the defects is to induce nanowires 
orientation to non- [111]𝐵/[0001̅]  and/or with non- 〈111〉𝐵/〈0001〉  catalyst-nanowire 
interface. 45, 56, 60, 108, 112, 113, 171, 172 Basically, the most important reason of why this strategy 
works is the nucleation energy difference between WZ and ZB is larger in non-[111]𝐵/[0001̅]
 
stacking direction. Xu et.al,60 for the first time, successfully grew Pd-catalysed, defect-free 
ZB structured InAs nanowires. And they attribute the high quality of nanowires to the fact 
that the nanowire/catalyst interfaces are {113} planes, rather than {111} planes; and the 
nanowire growth direction is along the 〈110〉  directions, rather than 〈111〉  directions. In 
another case, by tuning the polarity of 〈111〉 growth direction, the defects in GaAs nanowires 
can be significantly reduced.172 Both cases can be referred to Figure 2-23. 
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Figure 2-23 (a-h) TEM characterization on the GaAs 〈111〉𝐴 nanowire. (a) Over-view on the 〈111〉𝐴 
nanowire; (b-c) Atomic scale of HRTEM image and EDS linescan show the defect-free ZB structure 
and A-polarity of nanowire; (d-g) HRTEM images of the marked areas in the nanowire root, showing 
the mixture and competing between A-polar and B-polar; (h) The appearance of inclined twins in an 
A-polar nanowire. (i-s) TEM characterization on the InAs 〈110〉 nanowire. (i) Over-view on the InAs 
nanowire; (j-o) Nanowire top and catalyst viewed along [11̅0] , [11̅1]  and [11̅2̅] , confirming the 
catalyst-nanowire interface in {113} planes; (q-s) BF-TEM and HRTEM images indicate the 
defect-free ZB structure of the InAs nanowire.60, 172 
In many studies, the nanowire-catalyst interfacial energy and catalyst supersaturation have 
been recognised as the most fundamental factors impacting on the nanowire phase 
selection and phase purity in VLS growth.49, 109, 129, 148, 173 To understand this, we firstly note 
that the ratio between the change in effective surface energies due to the formation of a WZ 
and a ZB can be expressed as 174, 175: 
𝜂 =  
(1−𝑥)𝛾𝐿𝑆−𝑥𝛾𝐿𝑉 𝑠𝑖𝑛 𝛽+ 𝜏𝑥𝛾𝑆𝑉𝑍𝐵
(1−𝑥)𝛾𝐿𝑆−𝑥𝛾𝐿𝑉 𝑠𝑖𝑛 𝛽+𝑥𝛾𝑆𝑉𝑍𝐵                                                         
 Equation 2-6 
where 𝛾𝐿𝑆, 𝛾𝐿𝑉 and 𝛾𝑆𝑉 represent for the liquid-solid, liquid-vapor and solid-vapor interfacial 
energies, 𝑥 is the share if the nucleus perimeter that is in contact with the vapor, 𝛽 is the 
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contact angle between catalyst and nanowire and 𝜏 = 𝛾𝑊𝑍 𝛾𝑍𝐵⁄  indicates for the ratio 
between the lateral solid-vapor surface energies of WZ and ZB nucleus, which is expected 
< 1 since WZ surface has less dangling bonds. 
Then the nucleation barrier for WZ and ZB can be defined as ε without considering the 
Gibbs-Thomson effect in the case of larger nanowires and get the expression below: 
𝜉 =  
𝛥𝐺𝑊𝑍
𝛥𝐺𝑍𝐵
=  
𝛥𝜇𝐿𝑆𝜂
2
𝛥𝜇𝐿𝑆 − 𝜓𝑊𝑍
                                         Equation 2-7 
where ΔμLS is the liquid-solid superasaturation and 𝜓𝑊𝑍 indicates the extra cohesive energy 
associated with WZ formation. Therefore, it is easy to understand the phase selection and 
phase purity based on this equation. Basically, if 𝜉  is larger than 1, the nanowire will 
preferably adopt ZB structure; if 𝜉 is smaller than 1, the nanowire will preferably adopt WZ 
structure. In the situation that 𝜉 is close to 1, defects and even polytypes should take place 
and hence the ZB/WZ phase purify is degraded. According to this model, the favourable 
conditions for ZB is that 𝜂 is close to 1 or ΔμLS is low. Inversely, the favourable conditions 
for WZ is that 𝜂 is small or ΔμLS is high. Actually, these supposed conditions have been 
verified experimentally in different III-V nanowires.176 148, 149, 177 For instance, Sebastian 
et.al.109 demonstrated that the simultaneous growth of ZB structured 〈111〉𝐴 InP nanowires 
and WZ structured 〈0001̅〉𝐵  InP nanowires. The phase difference in two orientations is 
attributed to the different energies of nucleation interfaces at {111}𝐴 or {1̅1̅1̅}𝐵 planes: γ𝐿𝑆
𝐴 >
γ𝐿𝑆
𝐵 , which results in larger contact angles (β) for 〈111〉𝐴 nanowires. Therefore, it is expected 
that 𝜉𝐴 > 𝜉𝐵 based on Equation 2-7. 
2.5 Doping of III-V nanowires 
Doping is a popular approach for III-V nanowires to tune their electronic properties for 
applications in devices including photovoltaic devices,178 light-emitting diodes179 and field 
emission tunnels.180 In 1992, Keiichi Haraguchi et.al.181 carried out a pioneering study on 
Si/C doping to form p-n junction in GaAs nanowires. Up to now,182 successful n-type, p-type 
doping and p-n heterostructure axially183 as well as radially (core/shell) have already been 
reported in various III-V semiconductor nanowires, such as InAs,184-187 GaAs,188-190 InN 
nanowires,191 and InP nanowires.175, 192, 193 
Nevertheless, there are still some unclear issues realizing controllable and effective doping 
of nanowires. Firstly, due to the low-dimensional features of nanowires, it is quite challenging 
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to measure and determine doping levels through some standard methods which have been 
widely utilized by thin films and bulk semiconductor materials. Secondly, although 
conductivity of the nanowire can be measured by synthesized nanowire field-effect transistor 
(NW-FET) and carrier concentration is able to be calculated, the whole calculation is based 
on the 2-D structure assumptions which may limit the accuracy. Therefore, the doping 
mechanism of nanowires is hard to be fully clarified. On the other hand, the participation of 
dopants (or their precursors) in the nanowires’ growths should impact on their growth 
behaviours in various aspects.128, 133 In other words, the dopants result more complexities in 
III-V nanowire growths and cause nanowires’ growths less controllable.194, 195 In my PhD 
study, understanding the effect of dopant on nanowire growth is one major objective. 
In this section, the claimed doping mechanisms and reported dopant distribution profiles will 
be presented at first; then the effects of dopants on nanowire growth are summarized; at 
last, the technique for evaluating doping level will be introduced. 
2.5.1 Doping mechanism 
Outstanding doping-related properties can only be developed by well understanding on the 
doping mechanisms. Generally, there are two types of doping method for semiconductor 
nanowires. The first one is the “in-situ” method, indicating that dopants, along with other 
growth materials, participate in the nanowire growth process.183, 196-198 So far, variety of 
elements have been chosen dopants in a range of III-V semiconductor nanowires.194 In-situ 
doping has drawn most attention as the most important method and will be focused in this 
thesis. In Table 2-2, some in-situ dopants in III-V nanowires are summarized. Conversely 
with “in-situ” doping, the other doping approach is “ex-situ” doping, namely, doping takes 
place after nanowire growth process. In this case, both ion implantation and diffusion have 
been explored for as-grown nanowire doping. Ford et al.199 utilized diffusion of Zn dopant 
and achieved p-type doping in InAs nanowires. Recently, Tuomas et al.200 reported an 
alternative pathway for p-type InP nanowires doping via Zn indiffusion. Stichtenoth, D. et 
al.201 have grown GaAs nanowires by MOCVD system and implanted nanowires 
subsequently with Zn ions, causing remarkable increase of nanowire conductivity. 
Table 2-2 Summary on the typical dopants used in various III-V nanowires 
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Nanowire Dopant 
Doping 
type 
Fabricati
on 
facility 
Doping 
measurement 
Reference 
GaAs C p MOVPE FET 202 
GaAs Te n MOVPE 
Tungsten probe 
contact 
203 
GaAs DEZn/TESn p-n junction MOVPE MISFET 204 
GaAs Si, Be p MBE Ohmic contact 205 
GaAs/n-
GaAs 
Si n-type shell MOCVD 
transmission-line 
method, KPFM 
206 
GaAs TESn n MOCVD MISFET 190 
GaAs Mn p MBE 
Laser-assisted 
APT 
207 
InAs Si n MOVPE 
Multi-terminal 
measurement 
208 
GaAs/AlGa
As 
Si n MOCVD 
Atomic force 
microscope 
209 
InP DMZn/TESn p/n MOVPE 
Gate voltage 
dependent 
transport 
193 
InAs 
TESn, 
DTBSe, 
SiBr4, H2S 
n CBE 
Multi-terminal 
measurement 
187 
GaAs Be p MBE 
Atom probe 
tomography 
(APT), Raman 
210 
InP DEZn/H2S p/n MOVPE 
By current-voltage 
characteristic 
197 
GaN Mg p MBE 
Photoluminescenc
e, Raman 
211 
InGaP DEZn p MOVPE Nano-XRF 212 
GaAs Si Amphoteric MBE 
Multi electric 
contacts 
189 
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Schwalbach,196 Perea,213 and Connell et.al.214 established an intuitionistic model that can 
be used to illustrate the dopant incorporation during nanowire growth. Basically, the 
framework of their model can be depicted in the phosphorous-doped Ge nanowire growth, 
as shown in Figure 2-24a. In this simplified model, phosphorous incorporated into nanowire 
by two pathways: firstly, the dopants incorporate through the so called VLS mechanism; 
secondly, dopant could incorporate onto the surface of nanowires from vapor phase. This is 
a radial pathway realised by vapor-solid mechanism. The combination of VLS and VS is the 
most accepted pathway for dopant incorporation. 
 
Figure 2-24 Illustration for possible pathways of dopant incorporation: (a) phosphorous doping of a 
Ge nanowire and (b) Be incorporation in GaAs nanowires.215 
As an extension for the “VLS + VS” incorporation, Casadei. A et al.215 further classified three 
main incorporation paths of dopants, as shown in Figure 2-24b. The first two pathways are 
generally accepted: dopants, similar with other growth atoms, come from precursors and 
incorporate into nanowire through catalyst (VLS) or sidewalls (VS).213, 216-218 Moreover, there 
is another possible pathway, as an extension for the second one, for dopant atoms diffusing 
from outer shell to inner core, which depends on certain circumstances: the diffusion ability 
of dopants and the growth temperatures.219  
Firstly, dopants incorporation via the VLS pathway will be discussed. It is assumed that the 
catalyst remains in liquid during growth and just like other growth materials, doping 
precursors come from ambient vapor phase. During nanowire synthesis, dopants 
incorporate into the nanowires through alloy catalysts. E. J. Schwalbach et. al.196 developed 
a model for steady state VLS growth in terms of ternary semiconductor-catalyst-dopant 
nanowires. The dopant concentration in the solid wire, X𝐷
𝑆 , can be determined by the flux of 
dopant (𝐽𝐷) and the total atom flux into the solid (𝐽0), 
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𝑋𝐷
𝑠 =
𝐽𝐷
𝐽0
                                                                 Equation 2-8 
It is given that 𝐽0 ≈ 𝐽𝑊 in diluted solutions semiconductor nanowires, where 𝐽𝑊 is the flux of 
host materials in nanowires. Thus, we have 
𝑋𝐷
𝑠 =
𝐽𝐷
𝐽0
≈
𝐽𝐷
𝐽𝑊
                                           Equation 2-9 
The composition of dopant in the liquid (𝑋𝐷
𝑙 ) is determined by the dopant through the liquid 
(𝐽𝐷) as the equation below: 
𝑋𝐷
𝑙 = [
?̂?𝐷
𝑠
?̂?𝐷
𝑙 𝑒𝑥𝑝 (
°𝐺𝐷
𝑠 −°𝐺𝐷
𝑙
𝑅𝑇
)]
𝐽𝐷
𝐽𝑊
= 𝑄
𝐽𝐷
𝐽𝑊
                               Equation 2-10 
where it is assumed that 𝐽0 ≈ 𝐽𝑊, 𝛾𝐷
𝑙  is the activity coefficient of D in liquid phase evaluated 
as solid-liquid system, and °𝐺𝐷
𝑠 − °𝐺𝐷
𝑙 is the temperature dependent difference between the 
solid and liquid Gibbs free energy of pure dopant (D). According to their study, it is the 
relative flux of dopant atoms that controls the molar fraction of dopants in nanowires and 
that the local equilibrium constrains compositions of dopants in liquid catalyst. 
Secondly, apart from the axial growth, the dopants can be incorporated into nanowires by 
the VS radial growth via absorption and capture. Several reports have directly demonstrated 
that dopants prefer incorporating into nanowire sidewalls during radial growth. Taking 
advantage of atom probe tomography (APT), Perea, D.E., et al.213 directly determined the P 
distribution in isolated Ge nanowires. In this study, they found that P was concentrated in 
the outer layer of nanowires and formed heavily doped shells which surrounded undoped 
nanowire cores, as can be seen in Figure 2-25. Similarly, Chen, W. et al220 utilized laser-
assisted APT to characterize B distribution in Si nanowires grown by Au-assisted CVD. As 
a result, it was found that B prefers incorporating at the periphery rather than the centre, and 
the B concentration increased by an order of magnitude with the distance increasing from 0 
to only 15 nm away from axle centre. 
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Figure 2-25 Illustration of dopant incorporation and resulted distribution. (a-c) End-on view (43 nm 
in diameter) of nanowire highlighting the distribution of phosphorus (a, grey spheres), oxygen (b, 
light blue spheres) in germanium (blue dots) and the sideview of nanowire. (d) P concentration 
variation along nanowire axial distance. (e-f) BF-TEM and HRTEM of the Ge nanowire. 
(g) Schematic of two common incorporation pathways via (i) the catalyst and (ii) surface 
decomposition. (h) P dopant concentration as function of radial distance in Ge nanowires grown at 
380°C. Triangles and squares in chart represent the PH3:GeH4 ratios of 1:1000 and 1:500 
respectively. The arrow in inset shows the direction along which the concentration was measured.213 
2.5.2 The effect of doping on nanowire growth 
As mentioned above, the introduction of dopants in nanowire growth could make the process 
more complicated, and have impacts on morphologies and crystal structures of III-V 
nanowires.187, 194, 221 Inevitably, generally attained understanding and mature growth 
conditions have to be adjusted because dopants may influence growth mechanism 
therein.222  
It has been reported that dopants have remarkable influence on semiconductor nanowires 
growth rate. In some cases, it is the dopant that changes the catalyst supersaturation, which 
is the driving force for axial growth; in some cases, it is the dopant or the precursor that act 
as surfactant/passivator on the nanowire surface.223 S.A. Dayeh et al.224 performed 
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systematic study on Ge nanowires doped with B and P and demonstrated their length in 
statistical diagram as shown in Figure 2-26a. At all diameter levels, intrinsic Ge nanowires 
are always longer than doped ones. Simply they attributed this phenomenon to the lower 
partial pressure of Ge after dopants appearance in constant-pressured ambient. To confirm 
this assumption, they normalize the nanowire growth rate by Ge partial pressure (Figure 
2-26b). In another case, Wallentin, J. et al.175, 193, 197, 225 systematically investigated the Zn-
doped InP nanowires. Taking diethyl-zinc (DEZn) as dopant precursor, the nanowire growth 
rate changed without direct relationship with DEZn molar fraction. However, dimethyl-zinc 
(DMZn) intensively promotes the growth rate of InP nanowires, as shown in Figure 2-27. 
They attributed the different impacts of DEZn and DMZn to the higher decomposition 
temperature of DMZn because the undecomposed DMZn precursor could act as the surface 
passivator on nanowire sidewalls to suppress the 2-D radial growth. 
 
Figure 2-26 (a) The lengths of Ge nanowires with or without doping as a function of diameter. (b) 
The normalized growth rate by Ge partial pressure as a function of diameter. 224 
 
Figure 2-27 Tilt-viewed SEM images of InP nanowires doped by DEZn (a-d) and DMZn (e-h) at 
different molar fraction. 
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The effect of dopant on nanowire growth rate has also been demonstrated in other III-V 
nanowires, such as Sn-doped GaAs nanowires.104, 105 Through electron microscopy and 
tomography characterization, it was found that the tapering of GaAs nanowires was 
promoted by increasing Sn-doping level in Aerotaxy growth, i.e. the axial growth was 
compressed while the lateral growth was enhanced. And the reason of the resulted 
morphology was the surfactant of Sn on nanowire sidewalls. The Sn surfactant reduced the 
Ga diffusion length and prevented adatoms to reach the Au seed. On the other hand, more 
adatoms incorporated onto the nanowire sidewalls and even Ga droplets were formed from 
the nucleation sites on nanowire sidewalls. Consequently, the GaAs nanowires were shorter 
while the lateral growth was strengthened (refer to Figure 2-28). 
 
Figure 2-28 Scanning electron microscopy images of example wires grown using different 
TESn/TMGa ratio (d) 1.5 × 10−3, (e) 2.5 × 10−3, (f) 5.0 × 10−3. The increased number of surface 
droplets and tapering is discussed in the discussion section. Scale bars are 200 nm.104 
In their review, Dayeh et al.195 summarized the influence of in-situ doping on nanowires’ 
morphologies, as shown in Figure 2-29. According to their research, effects of dopants on 
nanowires growth morphology can be classified into four aspects. 
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Figure 2-29 Schematic showing the effect of doping on nanowires morphologies in various aspects. 
195 
Doping may also impact on the structural characteristics of nanowires. Furthermore, it was 
found that dopants could modify the interfacial energy between catalyst and nanowire.41, 226, 
227 Far early in 1970s, Givargizov, E.I et al.228 found that a small amount of AsCl3 addition 
(1% to SiCl4 or GeCl4) could successfully suppress the oscillations in Si whisker growth while 
change the “fungaceous” Ge whiskers to a regular wire shape. And this improvement on 
nanowire structure is attributed to that the presence of AsCl3 helped to decrease the specific 
free energy at the liquid-solid interface. J. Wallentin et.al.129, 175 demonstrated that the 
modification of catalyst-nanowire interface energy due to Zn-doping could result in 
significant crystal structure transition in InP nanowires. It was concluded that DEZn could 
change the catalyst-nanowire interface energies, which resulted in the increasing contact 
angle (β) on the interface and higher energy needed for WZ nucleation. The changes of 
surface energies could be observed in the form of morphology changes and resulted in the 
crystal structure change of the nanowires, as seen in Figure 2-30. 
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Figure 2-30 (1A-1D) SEM images showing the seed droplet of InP nanowires with increasing molar 
fraction of DEZn: (A) 0 (reference), (B) XDEZn = 0.7 × 10
−6, (C) XDEZn = 5.8 × 10
−6 , (D) XDEZn =
10.7 × 10−6. Scale bar is 100 nm. (2A-D) HRTEM images showing the crystal phase changing 
tendency from WZ to ZB. (3) Nanowire diameter and ZB segment length as a function of DEZn molar 
fraction, with error bars showing the standard deviations. The diameter was measured 100 nm below 
the seed particle and reduced by the estimated radial growth.175 
Interestingly, it has been reported that Zn-doping could promote the periodic twin planes in 
various nanowires, which resulted in the so-called twining super lattice (TSL).128, 229-233 In 
different cases, the crucial role of Zn is to reorder the Au-seeded nanowire interfacial energy. 
For instance, Tim et. al.128 demonstrated TSL structure in vertically standing GaAs 
nanowires grown by MOCVD, by using Zn as enabler.  
2.5.3 Evaluation on doping level of nanowires 
The evaluation on the dopant concentration and distribution in nanowires will benefit better 
understanding on their growth and applications. As we know, Hall measurement is a widely 
recognised approach to evaluate the doping levels for bulk semiconductor materials. 
However, limited by the nanoscale and low dimension, Hall measurement is very challenging 
to be applied on nanowires.234 So far, a range of techniques have been performed on doped 
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III-V nanowires to determine the dopant concentrations and distribution profiles. Overall, 
these various techniques will be classified into several groups by principles and introduced 
in this section. 
Electrical method. Nanowire field-emission tunnel (NW-FET) is one of the most commonly 
used technique to quantify the doping level of individual nanowire.6, 235-238 By fabricating a 
FET with the nanowire, the average dopant concentration of the nanowire can be calculated 
by the measured source-drain voltage and measured current through nanowire. In a 
pioneering study, NW-FETs were created with boron-doped and phosphorous-doped Si 
nanowires.6 A series of gate-dependent current versus bias voltage (I-V) curves were 
recorded by two-terminal, gate-dependent measurements on intrinsic, B-doped and P-
doped Si nanowires, respectively. They determined the carrier type as B-doped and P-
doped Si nanowires into p-type and n-type, respectively. Meanwhile, an estimation of carrier 
mobility was generated according to gate-dependent transport measurements. 
 
Figure 2-31 (A-B) An illustration of Si NW-FET239 and (C) Illustration of the “bottom-up” method to 
fabricate Si NW-FETs.236 
Over the years, NW-FETs have been widely used with intentionally doped III-V 
semiconductor nanowires.22, 24, 235 In early 2001, Duan, X. et al22 synthesized single 
crystalline InP nanowires by laser-assisted catalytic growth. They controlled the electrical 
properties via Zn-doping / Te-doping and fabricated these doped InP nanowires into 
nanoscale field-effect transistors. Gate-dependent I-V curves (Figure 2-32 a–c) indicate that 
Te-doped InP nanowires are n-type and Zn-doped InP nanowires are p-type. In another 
47 
 
case, Gutsche, C. et al.188 synthesized doped GaAs nanowires and verified the doping type 
and transport model accuracy by fabricating ohmic contacts and Metal Insulator FET 
(MISFET). Then, they made I–V characterization on GaAs nanowires without dopants 
(intrinsic), with DitBuSi (IV/III =0.52) and with supply of TESn (IV/III = 0.08)190 respectively 
(refer to Figure 2-32 d–e). By measuring the transfer characteristics of fabricated multi-
channel GaAs nanowire MISFET, the Sn-doped GaAs nanowire behaved as n-type. And the 
carrier concentration was estimated through electrical multi-contacts on the nanowire along 
the length. 
 
Figure 2-32 (a) SEM and TEM images showing the as-grown InP nanowires. (b-c)Gate-dependent 
I/V behaviour for Te-doped (b) and Zn-doped (c) InP nanowires, respectively. Insets show the 
nanowire contacted to two-terminal Ni/In/Au electrodes.22 (d) Top: SEM image of a GaAs nanowire 
contacted with two electrodes. Bottom: I-V curves for (a) undoped GaAs nanowire, (b) GaAs 
nanowire grown with DitBuSi (IV/III=0.52) and (c) GaAs nanowire grown with TESn (IV/III = 0.08). 
(e) Transfer characteristics of fabricated multi-channel GaAs nanowire MISFETs.190 
Optical method. Raman spectroscopy is a popular optical technique to detect the carrier 
concentrations of semiconductor nanowire. The GaAs nanowires were in-situ doped with Si 
in MBE. The amphoteric Si was incorporated into GaAs nanowires by shell doping scheme 
through vapor-solid mechanism and a conformal Si-rich layer formed around undoped GaAs 
core. Via resonant Raman spectroscopy, the incorporation site of Si and its concentration 
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was confirmed, suggesting that amphoteric Si could be well controlled into n-type dopant in 
the Si-rich shell and the Si concentration is correlated with growth conditions of shell, as 
shown in Figure 2-33.240 For another case, Dufouleur, J. et.al.189 synthesized catalyst-free 
GaAs nanowires by MBE and in-situ doped the nanowires with Si. To determine the Si 
incorporation site, Raman spectroscopy and four-point electrical measurements were 
utilized, as shown in Figure 2-34. By comparative experiments and measurements, two 
different incorporation pathways were revealed in this case: dopant incorporation from 
nanowire side facets and from Ga droplets. 
 
Figure 2-33 (a) Resonant Raman spectra of Si core-doped and shell-doped GaAs nanowires, (b) 
Type of Si dopant incorporation in shell-doped GaAs nanowires, determined by resonant Raman 
scattering by local vibrational modes (LVMs) of Si, as a function of series of growth conditions: 
nominal Si concentration; the substrate temperature, Tsh; AsH3 flux (normalised to the minimum one), 
FAs and the V/III ratio on {110} side facets, FV/III.240 
 
Figure 2-34 (a) Schematics of Raman spectroscopy along with 4-point configuration which 
measures the points along the nanowire. (b) SEM image of a GaAs nanowire fabricated with multi-
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contacts. (c) Raman spectrum of an individual Si-doped GaAs nanowire. The local vibrational mode 
(LVM) at 393 cm-1 represents for the Si incorporating at As site. (d) The intensity ratio between Si 
LVM to transverse optical (TO) phonon mode as a function of distance to nanowire tip.189 
Another popular optical technique to evaluate the dopant distribution is scanning 
photocurrent.216 Scanning photocurrent microscope (SPCM) focuses a laser spot onto a 
very local area to generate excess carriers and thus resulting in spatially resolved 
photocurrent.241, 242 The p-doped, n-type Si nanowires synthesized by CVD were analysed 
by SPCM to reveal the surface resistivity along growth direction. Other optical techniques 
include photoluminescence (PL)243 and transient terahertz photoconductivity244, 245. 
Mass method. Among a variety of mass-based techniques, we will focus on the atomic probe 
tomography (APT),246-249 which has been intensively reported recently. The basic working 
mechanism of APT is as following: under laser and HV pulsing, atoms are evaporated from 
the sharp-tip specimen, by field effect, and projected on the Position Sensitive Detector 
(PSD) with very high detection efficiency. Compared with conventional techniques, APT has 
the advantage of high detectability at ppm level and showing the impurities’ three-
dimensional distribution intuitively. However, the APT is a destructive technique and the 
specimen will be thoroughly damaged after the experiment. Chen, W. et al.249 synthesized 
Si nanowires by different growth rate ranging from 3 to 40nm/sec and In/Sn catalysts were 
used to induce Si in two growth modes: VLS mode and in-plane solid–liquid–solid (IPSLS) 
growth mode. By APT characterization, it was found that the concentrations of In/Sn 
impurities were higher in IPSL grown nanowires, and the impurities firstly incorporated into 
nanowire volume and then segregated at defects such as the twin planes. APT has been 
applied on GaAs nanowires to quantitively determine the dopant distributions.14 In this study, 
APT provides atomic-resolution 3D elemental mapping on the pristine nanowires, which 
made a breakthrough in understanding the nanowire growth. The 3D reconstruction on full-
diameter nanowire is shown in Figure 2-35. Also taking advantage of APT, Qu, J. et al.246 
established 3D quantitative spatial distribution of Zn and Si in FIB-prepared planar GaAs 
nanowires specimens. These nanowires are grown with different segments: the ratio Si/Ga 
is 4.15 × 10−5(~1 × 10−17𝑐𝑚−1) in the n-type segment of nanowires, whereas Zn/Ga is 
1.59 × 10−3(~5 × 1018𝑐𝑚−1) in p-type segment.  
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Figure 2-35 (a) 3D atom probe reconstruction on one segment of GaAs nanowire, with Ga matrix, 
Si dopants and the contamination of H, O and C mappings. (b) 2D atoms distribution map on the 
nanowire cross-section, showing of Ga and Si, (c) 1D profile showing the elemental distribution along 
the ROI in (b), with the inset showing the zoom-in profile in low concentration.14 
In addition to the above, some other techniques have also been applied on III-V nanowires 
to detect the dopants, such as kelvin probe force microscopy.206, 217 And simulation based 
on atom bond energy can also help to understand the segregation of impurities.250, 251 These 
approaches will not be introduced in details here. 
Various techniques have been applied on Sn-doped GaAs to investigate the effect of doping 
on the band gap-related properties. In most cases, Sn addition would result in n-type doping 
in GaAs nanowires.105, 204, 252 Wondwosen Metaferia et.al. used PL spectra to investigated 
the Sn-doped GaAs optical properties and calculated the carrier concentration via a home-
made method that takes the changes in effective carrier mass and bandgap renormalization 
into consideration. It was found that the carrier concentration increased significantly when 
𝑋𝑆𝑛 was 7.5 × 10
−4 while it was saturated when 𝑋𝑆𝑛 further increased.
105 In another study 
led by A. Lysov et.al., Burstein–Moss shift was demonstrate in highly Sn-doped n-type GaAs 
nanowire, which promoted a narrower band gap because the density of states in the 
conduction band is much lower than that in the valence band.253 Better understanding on 
the changes of GaAs band gap caused by Sn-doping will contribute to the nanowire growth 
designing and application in optoelectronic and electronic devices such as LEDs, FETs and 
solar cells.194 
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2.6 Growth of ternary III-V nanowires 
2.6.1 Introduction  
Looking back the development of studies engaged in semiconductor nanowires, the 
components have become increasingly multinary. Starting from elemental nanowires (Si, 
Ge), to binary nanowires such as III-V (e.g. GaAs, InAs) nanowire, then binary III-V 
nanowires with dopant addition (e.g. doped III-V nanowires), and now, the ternary III-V 
nanowires or even nanowires with four or more elements have drawn attention. After 
introducing the doped III-V nanowires that minor incorporation of impurities can change the 
nanowire growth behaviours, we will have a brief review on the ternary III-V nanowires with 
more complexity than their binary counterparts due to the third component alloying. 
The initiative target of ternary III-V nanowires fabrication is to achieve desirably tunable 
bandgap in a single monolithic semiconductor.254 The low dimension of nanowires provides 
tolerance to lattice mismatch between two different III-V materials.255 In addition, the 
bandgap of ternary III-V nanowires can be varied in a certain range via changing the 
elemental composition. According to the bandgap festures, different ternary III-V 
semiconductors are suitable for near-infrared lasers (GaAsP),256, infrared detectors (InAsP), 
field effect transistor (InGaAs) and LEDs (InGaP) respectively. In the past decade, there 
have been some representative studies on InGaAs nanowires,257-259 GaAsP nanowires,260, 
261 GaAsSb nanowires,108, 262-264 and AlGaAs nanowires.265, 266 Among these studies, the 
spontaneous elemental segregation caused by different III/V atom diffusibility and affinity of 
III atoms with catalyst could result in core-shell or even core-multi shell structures in 
individual ternary nanowires. In turn, these structural features will influence ternary 
nanowires’ properties.266-268 Therefore, we will turn the spotlight on the core-shell structured 
ternary III-V nanowires first. 
2.6.2 Core-shell structures in ternary III-V nanowires 
Guo. Y-N. et.al.257 investigated the growth of In0.05Ga0.95As nanowires (nominal composition 
defined by precursor flow rates) by MOCVD. It was found that only higher TMGa flux could 
produce Ga-rich InGaAs cores surrounded by In-enriched shells (see Figure 2-36a-d), 
otherwise binary GaAs cores were formed. The inhomogeneous elemental distribution was 
caused by the facts that: (1) the formation of nanowire core employed VLS growth and the 
shell was formed by VS growth. (2) the In-Au is lower in energy than Ga-Au, suggesting that 
In has better affinity with Au than Ga, resultantly Ga was preferably expelled from Au droplet 
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and therefore, induced Ga-rich nanowire core. Therefore, it was understandable that a 
threshold existed for In to precipitate from catalyst. With further study, polarity-driven phase 
separation was observed in the shells of InGaAs nanowires.132 Three Ga-rich zones 
appeared on {112}𝐴 surfaces, while In atoms preferentially incorporated on {112}𝐵 surfaces 
during VS growth (see Figure 2-36f-k). The different affinities between III atoms with Au 
catalyst has been also regarded as an important reason for core-shell formations in other 
ternary nanowire with two kinds of III species.227, 265, 269 
 
Figure 2-36 (a-d) BF-TEM images of cross-sections from upper and lower segments in InGaAs 
nanowires with corresponding EDS point analysis and linescan spectra, showing that the nanowire 
has Ga-rich InGaAs core and In-enriched InGaAs shell.257 (f) TEM BF image of a typical cross-
section from the bottom region of the InGaAs nanowire, taken along [111] zone axis, in which the 
nanowire is divided into six zones by contrast. (g)The corresponding SAED pattern taken along [111] 
zone axis on the nanowire cross-section in (f). (h) EDS point analyses on marked positions in (f). (i, 
j) The STEM BF and high angle angular dark field (HAADF) images taken from a cross-section of 
nanowire bottom region. (k) The In mapping of the cross-section, showing that In segregates in three 
zones of the six.132 
Zhou. C et.al.268 investigated InGaAs nanowires grown under a high In / (In + Ga) ratio of 
∼0.85 by MBE and demonstrated unexpected In-rich core and Ga-enriched shell. This case 
of segregation was attributed to the competition from InGaAs epitaxial planar layer on limited 
Ga. Additionally, a compositional gradient appeared along axial direction. Simply speaking, 
the Ga concentration difference between core and shell was decreasing from top to bottom. 
This tendency was the spontaneous performance of strain relaxation between core and 
shell. Interestingly, in their another study on InGaAs nanowires, with the nominal In / (In + 
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Ga) ratio of ∼0.5, more complex core-multi shells were formed (refer to Figure 2-37). 259 To 
understand this hierarchical structure, the interaction between InGaAs planar layer on 
substrate and InGaAs nanowires was demonstrated as following: at earlier stage of 
nanowire growth, both nanowire bases and planar layers are relatively Ga-rich, compared 
with the nominal In/Ga ratio, suggesting that excessive Ga might diffuse along and 
incorporated onto the sidewalls, which caused Ga-enriched inner-shell; at later stage of 
nanowire growth, it was found that the planar layer was In-enriched, suggesting that 
excessive In might diffuse along and incorporated onto the sidewalls, which caused In-
enriched outer-shell. On the other hand, the Ga concentration showed gradient that 
decreased from top to bottom in the nanowire core, which was explained by the competition 
between nanowire core and bases on In source. The cross-sectional features and 
compositions of planar layers at later and earlier growth stages were shown in Figure 2-37j-
m. 
 
Figure 2-37 (a) BF-TEM image of a typical InGaAs nanowire. (b–d) BF-TEM images of cross-
sections taken from tip, middle and bottom regions of nanowires, as marked in (a). (e–g) 
Corresponding EDS line-scan profile and elemental maps of the cross-sections. (h) Statistical In 
concentration measured in different positions (based on statistical EDS analyses at varied positions 
– typically marked in (b–d)). (i) Schematic illustration of the as-grown hierarchical structure. (j and l) 
TEM images of the cross-sections from specimen grown for 60 min and 15 min, respectively, with 
insets showing the EDS linescan profiles and magnified area of a nanowire base in (l). TEM image 
of a typical nanowire base in (c). (k and m) EDS point analyses on corresponding positions in (j) and 
(l).259 
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To have a systematic understanding on the hierarchical structures in ternary nanowires, we 
summarize some influencing factors on their formation (refer to Figure 2-38). Two aspects 
are considered here: the radial elemental segregation, i.e. the core-shell formation, and the 
axial compositional gradient, i.e. the top-bottom varied composition in cores and/or shells, 
in the ternary nanowire.  
For the core-shell formation, I think that there are mainly five factors that need to be taken 
into consideration. Firstly, the nominal fluxes ratios will fundamentally influence the 
compositions in nanowires’ cores and shells. For instance, by keeping other parameters 
identical, the InGaAs nanowires have In-rich cores when In / (In + Ga) = 0.85268 but Ga-rich 
cores when In / (In+Ga) = 0.5.259 Secondly, since the catalyst has different affinities with III 
elements and nanowire cores should be induced by VLS growths, the nanowires’ cores 
should be preferably incorporated with elements that have lower affinities with metal 
catalysts.258, 270, 271 Thirdly, we should consider the impact of planar layer on the nanowire 
core/shell composition. It has been known that two dimensional epitaxial layers take place 
on the substrate to reduce the strains with substrate,272, 273 along with the epitaxial growth 
nanowires. Therefore, the competition on the III and V resources takes place between the 
planar layers and nanowires, which contribute to the configuration of as-grown nanowires.261 
Fourthly, it is good to know that the incorporation of diffused III adatoms on nanowire 
sidewalls largely depends on the bonding energies between III and V atoms.274 Theoretically, 
III atom that has more stable bonding will be preferably stayed on the nanowire sidewalls, 
suggesting that its concentration will be relatively higher in the nanowire shell.275 Lastly, the 
varied diffusion lengths of different III atoms also influence the radial elemental segregation 
in nanowire. Such an influence is especially significant if diffusion is the dominant factor in 
nanowire growth. For instance, is has been well reported that In has larger diffusion length 
than Ga, which may contribute to the In-rich nanowire cores because more In than Ga can 
diffuse to the growth front at the catalyst-nanowire interface.256, 276 Note that the formation 
of core-shell structures are resulted from the synergistic impact from the factors above. 
For the axial compositional gradient observed in cores and shells of ternary nanowires, we 
consider that the III adatom diffusion in both axial direction and radial direction can jointly 
explain such phenomenon. Firstly, it is easy to understand that, since nanowire shells are 
formed via VS growth, the III concentration in the nanowire base should be higher than that 
in its top region. However, the gradient in nanowire core may show the opposite trend due 
to the different growth mechanism and the competition between planar layer and the 
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nanowire core.259 Secondly, the strain relaxation between mismatched core-shell should 
also be recognised as a impacting factor on the axial compositional gradient in cores and 
shells. To realize the strain relaxation, the element inter-diffusion will take place between 
nanowire core and shell.277 Basically, the compositional difference between nanowire cores 
and shells should decrease from the nanowire top to bottom because the inter-diffusion 
between the core and shell naturally processes for a longer time in the bottom region of the 
nanowire. Furthermore, the greater shell thickness in nanowire bottom can facilitate such a 
radial inter-diffusion and promotes the radial homogeneous elemental distribution.203 
  
Figure 2-38 Schematic summarizing influencing factors of ternary nanowire core-shell structures 
from reported studies. 
Multinary III-V nanowire with more than three components have been also reported. For 
instance, InAs-AlSb,278 GaSb-InAs,279, 280 GaAs-InSb,281 and GaAsSb-InP core-shell 
nanowires.282 Different with the ternary III-V nanowires discussed above, the core and shell 
have different components in these multinary III-V nanowires. On the other hand, the core-
shell structures are designed instead of spontaneous formed. Since these complex multinary 
III-V nanowire are out of the scope in this thesis, detailed literature review will not be given 
here. 
56 
 
2.7 Summary 
This chapter gives a literature review on different aspects of the III-V nanowire growth. From 
the beginning, the significance and application of III-V nanowires, then the major growth 
mechanisms and fabrication equipment for III-V nanowires, then the morphological and 
structural features with their controlling strategies, and lastly, the specific research progress 
in doped III-V nanowires and ternary III-V nanowires are reviewed.  
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3.1 Introduction 
Chapter 3 will mainly introduce the fabrication instrument and characterization techniques 
used for the nanowires, namely the MOCVD and electron microscopy. Since both MOCVD 
system and electron microscopy have very sophisticated configurations, only important 
concepts and principles will be outlined here. In addition, we will give a brief introduction on 
the sample preparation methods in this thesis. 
In section 3.2, the MOCVD system that we used will be introduced in terms of the system 
configuration, the operating principles and the growth procedures. In section 3.3, some basic 
knowledge, concepts and principles of SEM and TEM are introduced. In section 3.4, sample 
preparation processes for SEM and TEM characterization are introduced. 
3.2 MOCVD 
3.2.1 Configuration and principles 
In this thesis, all nanowire specimens are synthesised by the AIXTRON 200/4 horizontal 
flow MOCVD reactor system located in ACT NODE of Australian National Fabrication 
Facility. Figure 3-1 is the photograph (a) and schematic illustration (b) for this system. 
 
Figure 3-1 (a) physical image and (b) schematic illustration of AIXTRON 200/4 MOCVD system 
The gas pressure in MOCVD reactor is kept at 100 mbar and the total gas flow rate remains 
at 15 standard litre per minute (slm) all through. Through palladium-silver membrane filter, 
ultra-high pure H2 plays as carrier gas to bring reaction agent precursors into reaction 
chamber. In this thesis, As is provided by hydride precursor arsine, which is gas source 
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stored in high-pressure cylinder and can be directly injected into tube and carried by filtered 
high-purity H2. And In, Ga and Sn come from TMIn, TMGa and tetraethyl tin (TESn) 
respectively. Unlike arsine, TMIn, TMGa and TESn are metal-organics in liquid state and 
stored in constant temperature and pressure in sealed stainless-steel cylinder - the bubblers, 
which are immersed in temperature-controlled bath. 
Since the pressures and temperatures of the bubblers are fixed, it is the H2 flow, which is 
precisely regulated and controlled by electronic mass flow controllers, that determines the 
quantity of metal-organic precursor injecting the chamber reactor. Thus, the precursor flow 
is directly controlled by the H2 flow which carries it on. The total flow rate includes H2 and all 
precursors is 15 slm, with 10 slm through hydride lines and 5 slm through metal-organic line, 
respectively. Tubes are separately designed for different precursors to prevent them 
reacting before arriving in react chamber. Each of supply lines is designed in a vent-run 
configuration. The run lines transport the precursors into reaction chamber, while vent lines 
emit exhaust gas out of chamber. 
In the reaction chamber, semiconductor wafer, i.e. the substrate, is supported by the silicon 
carbide-coated graphite susceptor. One susceptor in this chamber is designed to be able to 
hold three 2-inch wafers. Susceptors rotate in a planet-like track with a same centre to 
ensure that deposition occurs with excellent homogeneity regarding film thickness, 
composition, and doping. The substrate temperature is detected by thermocouple inserted 
in susceptor and heated by a three-zone infrared lamp arrangement surrounding the 
reaction chamber. When substrate reaches required temperature, pyrolysis of the 
metalorganic and hydride sources take place over the heated substrate. The reactions 
between typical III-metalorganics and V-hydrides can be expressed as below: 
𝐺𝑎(𝐶𝐻3)3 + 𝐴𝑠𝐻3 → 𝐺𝑎𝐴𝑠 + 3𝐶𝐻4                                       Equation 3-1 
𝐼𝑛(𝐶𝐻3)3 + 𝐴𝑠𝐻3 → 𝐼𝑛𝐴𝑠 + 3𝐶𝐻4                              Equation 3-2 
𝐼𝑛(𝐶𝐻3)3 + 𝑃𝐻3 → 𝐼𝑛𝑃 + 3𝐶𝐻4                                Equation 3-3 
𝐺𝑎(𝐶𝐻3)3 + 𝑃𝐻3 → 𝐺𝑎𝑃 + 3𝐶𝐻4                               Equation 3-4 
for the growth of GaAs, InAs, InP and GaP materials, respectively. The molar ratio between 
different atoms can be tuned by selecting different precursor flow, thus various materials 
can be synthesized. As for the exhaust gas, containing the unreacted precursors and the 
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by-products from the reaction chamber and the vent line, is dealt with an activated charcoal 
scrubber and then released to the atmosphere. 
3.2.2 III-V nanowire growth in MOCVD 
Metal-assisted,1-3 self-catalyzed,4 and selective-area5 growth are three main methods for 
nanowires epitaxial growth in MOCVD. Among them, metal-assisted is the way that proper 
metal particle induces individual nanowire growth and locates at the tip of as-grown 
nanowire. VLS mechanism has been used widely in a wide range of metal-assisted III-V 
nanowires growth cases. Au is very commonly utilized as catalyst due to its ability to form 
low-eutectic alloy with various growth materials, especially III atoms. In this thesis, all III-V 
nanowires are grown by the Au-catalysed VLS method. 
In this thesis, GaAs (1̅1̅1̅) and GaAs (001) S-I wafers in diameter of 2 inches were used as 
substrate for nanowires’ epitaxial growths. Before growth, Au particles were deposited on 
substrate surface. These Au nanoparticles would play as catalyst for nanowires growth. The 
Au particles were stored in colloidal solutions (British Biocell International—Ted Pella, Inc.) 
and carried negative surface charge which prevented Au nanoparticles naturally adhering 
to III-V substrates. Therefore, the substrates were pre-treated by poly-L-lysine (PLL) before 
applied with Au colloidal. First, the substrate was immersed in PLL solution for 60 s, then 
rinsed with deionised water and dried by N2 gas. Secondly, a 100 μL of Au colloidal solution 
was dropped onto the substrate surface and was in contact with substrate for different 
durations. Lastly, substrate was rinsed again by deionised water and dried by N2. Table 3-1 
shows contact times for different Au colloidal solutions. 
Table 3-1 The diameter, concentration and contact time for different Au colloidal solutions 
Diameter(nm) 
Concentration 
(particles/ml) 
Contact time(sec.) 
50 4.5*1010 20 
100 5.6*109 60 
After Au nanoparticles were dispersed evenly on the substrate, the substrate was placed on 
the susceptor. Before growth commencing, the substrate was heated up to 600°C and 
annealed for 10 minutes with AsH3 gas flow at 1.3 × 10−3𝑚𝑜𝑙/𝑚𝑖𝑛 . This 10-minute 
annealing procedure was for removing contaminations from substrate surface. The pressure 
of AsH3 was to keep substrate from As desorption. 
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After annealing, the temperature was lower to certain growth temperatures and precursors 
with different flux rates were switched on to initiate the nanowire growth. To terminate the 
nanowire growth, group III and dopant precursors were off, leaving the specimen cooling 
under V ambient. All the growth temperatures and precursors flux rates are summarized in 
Table 3-2. 
Table 3-2 Growth parameters of III-V nanowires in MOCVD 
No. 
Temp. 
(°C) 
TMGa 
(mol/min) 
AsH3 
(mol/min) 
TMIn 
(mol/min) 
PH3 
(mol/min) 
TESn 
(mol/min) 
Growth 
duration 
1 450Tn/390Tg 1.157 × 10−5 5.357 × 10−4 n/a n/a 0~2.993 × 10−6 30 min 
2 450 1.157 × 10−5 5.357 × 10−4 n/a n/a 0~2.314 × 10−5 30 min 
3 460 6.248 × 10−6 n/a 5.288 × 10−6 4.464 × 10−3 n/a 30 min 
3.3 Electron microscopy 
Electron microscopy relies on the interactions between negative charged electrons and 
samples. The structural, morphological and part of compositional characterization on 
nanostructures are always realized through electron microscopy. With the development of 
electron microscopy techniques for detection and quantification, and specimen preparation, 
electron microscopy becomes a powerful tool in the research of nanowires. In this thesis, 
SEM and TEM were utilized coherently for III-V nanowires characterization. 
In an electron microscope, the specimen chamber is kept in high vacuum to ensure electrons’ 
fast moving. A high-energy electron beam is generated from electron gun and directly onto 
the sample. Generally, electrons scatter either elastically or inelastically after interaction with 
material. For elastic scattering, electrons lose no kinetic energy but change their directions 
only; conversely, the energy of electrons are transferred to atoms in specimen via inelastic 
scattering. When incident electrons interact with materials, a range of signals will be 
detected by corresponding detectors. It can be divided into two situations for specimen with 
different thickness to classify these signals, as illustrated in Figure 3-2a and b, respectively.  
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Figure 3-2 Schematic illustration of the interaction of electron beam with the specimen6 
Except for scattering electrons mentioned above, X-ray is another important signal 
generated from the interaction between electrons and specimen. X-rays are produced from 
specimen after the inelastic scattering of incident electrons taking place. Two types of X-
rays, the continuum X-ray and characteristic X-ray are generated but characteristic X-ray is 
mainly used for characterization in EM. Characteristic X-ray represents for the energy 
transition from electrons to photons when electrons jumping from outer shells to inner shells 
in material, which is illustrated in Figure 3-3. Incident electrons hit the lower-energy inner 
shell electrons and kick them out through kinetic energy transition, thus orbital vacancies 
are left. Therefore, to recover the atoms into stable state, electrons from an outer shell fill 
the inner shell vacancies and consequently, X-ray photons are emitted. The energy of the 
emitted X-ray is equal to the difference between the ionization energies of the electrons at 
original shell and current one. Electrons’ migration between different shells release different 
X-rays, such as X-ray (Lα), X-ray (Kα) and X-ray (Lβ). The characteristic X-ray signal is 
detected by Electron Dispersive X-ray Spectroscopy (EDS), an important accessory for SEM 
and TEM. 
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Figure 3-3 The production of characteristic X-rays 
(©http://www.ammrf.org.au/myscope/analysis/eds/xraygeneration/characteristic) 
3.3.1 Scanning Electron Microscopy 
A simplified schematic of a SEM is shown in Figure 3-4. The most important part of a SEM 
is the column, which consists of, from top part to lower part, electron gun (consists of 
cathode, Wehnelt cylinder and anode), a series of lenses including condenser lenses, two 
pairs of deflection coils and objective lens, some apertures and sample stage. 
 
Figure 3-4 Schematic of scanning electron microscope 
(©https://www.purdue.edu/ehps/rem/rs/sem.htm) 
The “heart” of a SEM is its electron gun. The electron gun that is located in the top region of 
the SEM generates a beam of electrons. Generally, there are two types of electrons 
emission sources: thermionic emission and field emission (FE), of which the parameters are 
shown in Table 3-3. 
Table 3-3 Technical parameters of different electron guns in SEM 
83 
 
 
The most common materials for thermionic filament are tungsten and lanthanum hexaboride 
(LaB6). The filament is heated by current and electrons escape from tip of filament when it 
is saturated. The stronger current the filament is filled with, the more the electrons emission 
will be from the electron gun. Unlike thermionic electron guns, the field emission gun (FEG) 
takes a pointed single crystal tungsten wire filament which can work without heat from 
filament current. In FEG, it is the extraction voltage, which is a very strong electrostatic field, 
pulled the electrons out of the cold filament and offer them initial energy to transit. Compared 
with thermionic filaments, the advantages of FEGs are quite significant: much smaller 
electron beam spot size (important for characterising nanostructure), high current, high 
brightness (100 x higher), low energy spread and a long life. Relied on these features, SEMs 
equipped with FEGs are widely used as high-resolution machines for characterizing fine 
structures, for instance, nanostructure material characterization. 
In SEMs, incident electrons normally do not have enough energy to transmit specimen but 
interact with its surface. Thus, an interaction volume is formed near the surface. There are 
three main signals collected from interaction volume and detected by detectors: secondary 
electrons, backscattered electrons and characteristic X-rays. The generation zones of the 
three signals have been illustrated in Figure 3-5 and will be explained below, respectively: 
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Figure 3-5 Interaction volume between incident electron probe and specimen in SEM 
Secondary electron (SE): SEs are outer shell electrons from specimen surface after inelastic 
scattering of incident electrons. SEs are always low-energy (< 50 eV) electrons and reflect 
the topography information of specimen surface. The data-collecting area for SEs is around 
the top 5-50 nm of the whole interaction volume, depending on the operation parameters 
and specimen features. Due to topography, edge effects exist with the enhanced emission 
of electrons from edges and peaks within the specimen, where brighter areas show on 
image. Notably, edge effect may be enhanced or hindered due to the relative position 
between specimen and SE detector (refer to Figure 3-6). If the specimen faces towards the 
detector, it will be brighter, whereas those areas in the backward direction will be darker. 
 
Figure 3-6 (a) Illustration of edge effect (©http:// www.ammrf.org.au/sem/practice/principles/ 
troubleshooting). (b) Enhancement of edge effect (©http://nau.edu/cefns/labs/electron-
microprobe/glg-510-class-notes/signals/) 
Backscattered electron (BSE): BSEs are originated from the elastic scattering process of 
incident electrons with nearly no loss of energy after interacting with specimen. Through 
signal transition, the BSEs create contrast on image due to different element distribution at 
specimen surface. For heavy element concentrated area, the high density (high Z) of 
material cause more backscattered electrons, so that the high density materials show 
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brighter contrast; while for light element (low Z) concentrated area, it will be darker as shown 
in image, which is illustrated in Figure 3-7. 
 
Figure 3-7 (a) BSE image and (b) SE image of mineral sand. Scattering of incident electrons in 
high Z (c) and low Z material (d). 
(©http://li15594.members.linode.com/myscope/sem/practice/principles/imagegeneration.php) 
X-rays: It involves both continuum X-ray and characteristic X-ray, of which the latter one has 
been explained in former chapter. As for continuum X-ray, it is produced by the inelastic 
scattering process of the primary e- beam and the specimen atoms. They are mostly low 
energy X-rays, heavily absorbed at the low energy end of the spectrum and produces a 
continuous X-ray background. Thus, continuum X-ray cannot provide much information. 
In this thesis, JEOL JSM-7800F SEM was utilized to demonstrate the morphology of as-
grown nanowires, including growth direction, length, thickness, tapering and side facet. The 
7800F is a Field Emission SEM (FE-SEM) with a hot (Schottky) electron gun that is suitable 
for microanalysis. It can work with great stability with high beam current even at very low kV. 
Specially, in addition to conventional EDS accessories, 7800F is equipped with a high 
spectral resolution WDS system which is ideal for collecting low energy X-rays. The ideal 
resolution is 0.8 nm at 15kV and 1.2 nm at 1kV dependent on the materials. 
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3.3.2 Transmission Electron Microscopy 
The first commercial transmission electron microscope, the Metropolitan Vickers EMI, was 
built in the UK in 1936.7 The basic configuration of transmission electron microscope is 
illustrated schematically in Figure 3-8. In TEM, a strong beam of electrons is transmitted 
through a thin specimen, meanwhile interacting with the specimen as it penetrates it. To 
ensure the transmission of incident electron beam, the thickness of TEM specimen is 
normally below 100 nm. To generate high-energy electrons, the accelerate voltage of TEM 
is typically over 100 kV, much higher than that of SEM. Thus, the height of TEM should be 
designed adequate for electrons acceleration and the TEM with higher accelerating voltage 
should have greater height. Figure 3-9 shows the Hitachi-H3000 ultra-high voltage 3 MV 
TEM in huge size. 
 
Figure 3-8 The illustration image of a typical TEM 
(©http://www.ammrf.org.au/myscope/tem/introduction/) 
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Figure 3-9 The 3 MV ultra-high voltage electron microscope (Hitachi H-3000). The red arrow 
indicates the operating staff. (http://www.uhvem.osaka-u.ac.jp/en/what.html) 
 
Typically, TEM consists of vacuum system, electron source, a series of electromagnetic 
lenses as well as apertures, and specimen stage. The electron gun is located at the top part 
of whole TEM column, which consists of a tungsten filament, or a LaB6 source.8 Similar with 
SEM, connecting the electron gun to a high voltage source (typically 100kV to 300 kV) to 
generate enough current, the electron gun starts to emit electrons by thermionic or field 
electron emission into the vacuum. The condenser lenses focus the dispersive electrons 
into a small and coherent beam. The condenser aperture restricts the beam and excludes 
those high-angle electrons. The electrons which pass through the condenser aperture hit 
the specimen and part of them transmit it depending on the specimen thickness and 
corresponding electron transparency of the specimen. Then the transmitted electrons are 
focused by the objective lens and finally form image on fluorescent screen or CCD/CMOS 
camera.9, 10 
Basically, the TEM imaging relies on different sorts of contrasts: diffraction contrast, phase 
contrast and mass/thickness contrast. Theoretically, both diffraction contrast and 
mass/thickness contrast are included into amplitude contrast.11 This kind of contrast can be 
observed in all images including BF/DF images under TEM or scanning transmission 
electron microscopy (STEM) mode. Specimen shows diffraction contrast when the electrons 
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scatter in accordance with Bragg law. Objective aperture can select one Bragg-scattered 
beam to form a diffraction contrast image under TEM mode. While for STEM, the certain 
detectors gather several Bragg beams which generate poorer diffraction-contrast images, 
refer to Figure 3-10. 
 
Figure 3-10 Simplified explanation for BF/DF imaging mode in TEM (a-b) and STEM (c-d). 
Phase contrast is formed with at least two diffracted electron beams through their 
interference. It is realised with (or without) an aperture at the back focal plane of the objective 
lens. Although phase contrast can be utilized to exhibit high resolution TEM image, there 
are a few restrictions: ideal phase contrast should be generated with very thin specimens 
(typically < 20 nm) for the interference; crystals should be orientated to the directions where 
the zone axes should be parallel to the incidental electron beam; image simulations are 
sometimes needed for gain correct interpretation as atoms can be black or white in the 
image under different focus conditions. 
The most important applications of diffraction contrast and phase contrast is the 
identification of lattice defects (planar defect, line defect and even point defect) in crystals. 
Both two methods deal with crystalline specimen. The prime purpose we use TEM is to 
extract the useful information inside the specimen and accurately transfer it into images.12 
Although there are different imaging techniques, the high-resolution transmission electron 
microscopy (HRTEM) is currently the most popular advanced imaging technique that allows 
for direct observing atomic-level structure in specimen.13-15 The HRTEM imaging relies on 
phase contrast, which is generated by the interference between the diffracted beams and 
the direct beam. Considering that a very thin slice of crystal that has been tilted to the 
position where a low-index direction is exactly perpendicular to the incident electron beam, 
the lattice planes parallel to the electron beam will fit to the Bragg law’s position and will 
diffract with the primary beam. 
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Except for imaging methods, diffraction mode in TEM is a critically important technique in 
TEM. The process for TEM imaging and diffraction are simplified in Figure 3-11 with 
comparable explanation.16 Considering the extreme thickness of TEM specimen( <100nm) 
and electrons high energy (100~300 kV), electrons are treated as wave-like, rather than 
particle-like. Due to the spacing between atom planes in specimen is much larger than 
wavelength of high-energy electrons, atoms can serve as diffraction gratings to electrons. 
Thus, a part of electrons is scattered to certain angles, determined by specimen crystal 
structure. Therefore, diffracted electrons will interfere with each other after scattering, 
leading to constructive or destructive scattering defined by Bragg law. In the case that 
crystalline specimen is tilted and oriented with its zone axis parallel to the electron beam, 
the diffraction pattern will be presented as regular array on the back focal plane. Basically, 
there are two ways to record a selected area on specimen: selected area electron diffraction 
(SAED) and convergent beam electron diffraction (CBED). The selected area aperture is 
inserted to get diffraction pattern for a selected area in the intermediate image. Finally, 
selected area diffraction pattern is projected on the view screen in the form of a series of 
spots for crystals and circles for amorphous materials. Under diffraction mode, diffraction 
pattern (DP) can be generated to help characterize specimen structure. 
 
Figure 3-11 The objective lens is focused on the specimen and forms an intermediate image as 
shown in (a). In imaging mode (a) the intermediate lens magnifies this image further and passes it 
to the projector lenses for display. To make the diffraction pattern visible (b), the intermediate lens 
is refocused on the back focal plane of the objective lens and the diffraction pattern is passed to 
the projector system. 
In addition to its high-resolution imaging, TEM is always equipped with a variety of detectors 
operated under STEM mode, such as bright field detector, HAADF detector and EDS 
detector, to act as an analytical equipment at the same time. EDS remains the most-used 
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analytical method in many cases due to its user-friendly operation, ability to analyse 
elements across the periodic table and relatively direct interpretation. EDS detector is 
operated under STEM mode, of which the incident beam is quite small. Thus, EDS in TEM 
can provide chemical composition information at much higher space resolution compared to 
EDS in SEM. 
Electron energy loss spectrum (EELS) is regarded as an ideal complementary technique for 
EDS in TEM17. EELS is unique to characterize chemical bonding, band structures, surface 
properties, and element-specific pair distance distribution functions. Different with EDS, 
EELS works best to deal with relatively low atomic numbers elements, of which the excitation 
edges are sharp, well-defined, and at experimentally accessible energy losses. In EELS, 
incident electrons are restricted into a certain narrow kinetic energy range. Some of the 
electrons will be scattered inelastically with energy loss and moving path slightly changed. 
The energy loss can not only be quantified in electron spectrum but also be interpreted with 
the reason that causes this energy loss. 
In this thesis, the Philips Tecnai F20 FEG-S/TEM (F20; refer to Figure 3-13) along with its 
accessories was operated as the most important instrument to characterize structural 
characteristics and chemical composition of nanowires. F20 is a 200 kV TEM equipped with 
a high brightness FEG, which contributes to the capability to deliver current into a probe of 
one nanometre in diameter. It can run under TEM-microprobe, TEM-nanoprobe or STEM 
(Scanning Transmission Electron Microscope) mode. Oxford SDD thin window X-ray (EDS) 
detector is fitted to this TEM to be able to detect and collect elemental information in periodic 
table excludes boron downward. As for imaging, a 4k × 4k CMOS camera with in-situ 
software can be operated under TEM mode (ONEVIEW camera); 2k × 2k slow scan CCD, 
bright field (BF), dark field (DF), and high HAADF STEM detectors are integrated with Gatan 
Image Filter (GIF). 
3.4 Sample Preparation 
3.4.1 SEM sample preparation 
As incident electrons continuously interact with specimen in SEM, it is necessary to keep 
zero electric potential on specimen surface to avoid serious electron accumulation (which 
results in charging and distorted image). Therefore, the conductivity of individual specimen 
needs to be considered before SEM characterization. For instance, if we intend to undertake 
SEM imaging on a non-conductive or poor-conductive specimen, the conductive coating 
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must be selected appropriately. Conventional specimen coating techniques include carbon 
coating and gold coating. In our study, most of the specimen are semiconductor and no need 
to do any coating preparation. 
In this thesis, GaAs (1̅1̅1̅) and (001)wafers, used as substrates for III-V nanowires epitaxial 
growths, were cleaved into small pieces in the side-length less than 5mm by diamond cutter. 
These cleaved pieces along with as-grown nanowire on them were adhered to SEM sample 
mount by carbon tapes. Since wafers, nanowires and catalysts were all semiconductor 
material or metal with conductivity, sample coating was unnecessary. However, vacuum 
oven baking and plasma cleaning were still necessary for drying and expelling 
contaminations. Thus constant-temperature vacuum oven at 70 ºC and Evactron plasma 
cleaner were utilized. 
3.4.2 TEM Sample preparation 
Unlike SEM sample preparation in a uniform way, methods for TEM sample preparation are 
varied in accordance with experimental needs. However, all TEM samples need to be loaded 
on the standard-size support grid, which is then fitted and fixed into the TEM sample holder. 
Figure 3-12 displays the photo of the formvar carbon coated grid, which is the most common 
support grid used in TEM experiments. 
 
Figure 3-12 Lacey Formvar/Carbon Coated Grids for TEM 
Individual nanowire specimen should be prepared to determine the general view of crystal 
structure and composition: first of all, a small piece of wafer with as-grown nanowires is 
immersed in a few drops of ethanol in a cap-covered glass bottle; secondly, this bottle is 
placed in ultrasonic machine to be shaken; based on the density and length of nanowires, 
choose enough ultrasonicating time for shaking nanowires away from substrate and 
dispersing them into ethanol; finally, using dropping pipette to drip ethanol soliquid onto holy 
carbon-coated or thin carbon film coated copper grid. 
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Nanowire cross-section specimen is required when characterization is undertaken on 
hierarchical core-shell structures and elemental distribution along radial direction in ternary 
nanowires. In this case, ultra-microtome (Ultracut UC 62) with diamond knife (Diatome) are 
involved to slice nanowires along their growth directions. First, small pieces of substrate with 
as-grown nanowires are embedded in resin; after resin is set, razor blade trims to get rid of 
the substrate and leave nanowires in resin; finally, the nanowire-contained resin is sliced 
along nanowire growth direction by ultra-microtome system.  
Focused Ion Beam (FIB; FEI Scios Dual Beam system) is used to obtain the cross-sectional 
lamella specimen from the substrate. Before milling the sample, the interested area is 
aligned to be parallel to the {110} cleaved edge of the substrate, by which the exposed plan 
of the lamella will be {110} and easily to be characterized by TEM.18 
 
Figure 3-13 Photograph of the FEI Tecnai F20 TEM located in AIBN lab of Centre for Microscopy 
and Microanalysis, The University of Queensland 
  
93 
 
3.5 Reference  
1. Hiruma, K., et al., GaAs free‐standing quantum‐size wires. Journal of Applied 
Physics, 1993. 74(5): p. 3162-3171. 
2. Yuan, X., et al., Tunable Polarity in a III–V Nanowire by Droplet Wetting and 
Surface Energy Engineering. Advanced Materials, 2015. 27(40): p. 6096-6103. 
3. Sun, R., et al., Sn-seeded GaAs nanowires grown by MOVPE. Nanotechnology, 
2016. 27(21): p. 215603. 
4. Joyce, H.J., et al., III–V semiconductor nanowires for optoelectronic device 
applications. Progress in Quantum Electronics, 2011. 35(2–3): p. 23-75. 
5. Soo, M.T., et al., Growth of Catalyst-Free Epitaxial InAs Nanowires on Si Wafers 
Using Metallic Masks. Nano Lett, 2016. 16(7): p. 4189-93. 
6. Williams, D.B. and C.B. Carter, Scattering and Diffraction, in Transmission Electron 
Microscopy: A Textbook for Materials Science. 2009, Springer US: Boston, MA. p. 
23-38. 
7. Williams, D.B. and C.B. Carter, The Transmission Electron Microscope, in 
Transmission Electron Microscopy: A Textbook for Materials Science. 1996, 
Springer US: Boston, MA. p. 3-17. 
8. Egerton, R.F., Physical principles of electron microscopy: an introduction to TEM, 
SEM, and AEM. 2006: Springer Science & Business Media. 
9. Crewe, A. and P. Nellist, The Scanning Transmission Electron Microscope, in 
Handbook of Charged Particle Optics, Second Edition. 2008, CRC Press. p. 497-
522. 
10. Reimer, L. and H. Kohl, Transmission electron microscopy : physics of image 
formation. Springer Series in Optical Sciences, Volume 36. 2008: Springer-Verlag 
New York. 
11. Williams, D.B. and C.B. Carter, Amplitude Contrast, in Transmission Electron 
Microscopy: A Textbook for Materials Science. 2009, Springer US: Boston, MA. p. 
371-388. 
12. Williams, D.B. and C.B. Carter, High-Resolution TEM, in Transmission Electron 
Microscopy: A Textbook for Materials Science. 2009, Springer US: Boston, MA. p. 
483-509. 
13. Rose, H.H., Optics of high-performance electron microscopes. Science and 
Technology of Advanced Materials, 2008. 9(1): p. 014107. 
94 
 
14. Liu, M. and J.M. Cowley, Structures of carbon nanotubes studied by HRTEM and 
nanodiffraction. Ultramicroscopy, 1994. 53(4): p. 333-342. 
15. Spence, J.C.H., High-resolution electron microscopy. Fourth edition.. ed. 2013, 
Oxford: Oxford University Press. 
16. Goodhew, P.J., J. Humphreys, and R. Beanland, Electron microscopy and analysis. 
2000: CRC Press. 
17. Egerton, R.F., Electron energy-loss spectroscopy in the TEM. Reports on Progress 
in Physics, 2009. 72(1): p. 016502. 
18. Gao, H., et al., Compositional Varied Core-Shell InGaP Nanowires Grown by Metal-
Organic Chemical Vapor Deposition. Nano Lett, 2019. 19(6): p. 3782-3788. 
95 
 
Chapter 4 The Effect of Sn Addition on GaAs 
Nanowire Growth by Vapor-Liquid-Solid Mechanism 
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4.1 Introduction 
GaAs nanowire is an important nano-structure that has promising application in multi fields 
including electronic and optoelectronic devices. The VLS growth of GaAs nanowire has been 
well controlled particularly in MOCVD. However, it has been found that the effect of impurity 
addition will impact on the controllable growth of GaAs nanowires. Specially, the Sn-doping 
could create n-type semiconductor features in GaAs nanowires while the Sn addition could 
degrade the morphology and structural quality. In this chapter, we study the impact of Sn 
addition on the growth of GaAs nanowire through electron microscopy. It is found that the 
Sn addition lowers the axial growth rate of the GaAs nanowire and degrades the nanowire 
quality, compared with the reference, undoped nanowire. Through our characterization and 
analysis, these resultant phenomena can be attributed to the lower catalyst supersaturation 
level and the change of vapor-liquid-solid interfacial energy. This study will provide insights 
for better understanding of the doped III-V nanowires. The results and discussions in this 
chapter has been summarized as the published paper, as seen in section 4.2.  
4.2 Journal Publication 
Results in Chapter 4 have been published as research paper in Nanotechnology 2018. 
29(46): p. 465601. DOI: 10.1088/1361-6528/aadedd. 
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ABSTRACT  
Intentional impurity addition is a crucial aspect for III-V nanowire growth. In this study, we 
demonstrated the effect of the Sn addition on GaAs nanowires growth by metal-organic 
chemical vapor deposition. With increasing the TESn flow rate, the nanowire axial growth 
was suppressed while the nanowire lateral growth was promoted, as well as planar defects 
were increased. Systematic electron microscopy characterizations suggested that the Sn 
addition tuned the catalyst composition, changed the vapor-solid-liquid surface energies and 
hindered the Ga atoms diffusion on nanowire sidewalls, which are responsible for the 
observed changes in morphology and structural quality of grown GaAs nanowires. This 
study contributes to understanding the role of impurity dopants on III-V nanowires growth, 
which will be of benefit for the design and fabrication of future nanowire-based devices. 
 
KEYWORDS: GaAs nanowire, Sn, MOCVD, morphology, structural quality 
 
Introduction 
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III-V semiconductor nanowires are promising building blocks for electronic and 
optoelectronic devices, including solar cells,1 light emitting diodes,2 field effect transistors 
and lasers.3, 4 As one of the most developed III-V nanowires, GaAs nanowires, by virtue of 
suitable bandgap and high aspect ratio, are particularly ideal for flexible solar cells.5 Au-
assisted vapor-liquid-solid (VLS) growth is one of the most common methods for growing 
III-V nanowires.6 So far, there has been systematic studies on the Au-assisted VLS growth 
of GaAs nanowires. By tuning the V/III ratio,7, 8 growth temperature,9, 10 catalyst size,11 and 
growth duration,12 the controllable growth of GaAs nanowires can be achieved. On the other 
hand, different impurity dopants have been utilized and successfully incorporated into GaAs 
nanowires to form p-n junctions in the last decade.13-15 Among them, Sn has been 
recognized as an n-type dopant.16-18 For example, Sn was used as n-type dopant in high 
efficiency GaAs nanowire array solar cells.19 In addition, radial p-n junctions were formed in 
GaAs nanowires with Sn as n-dopant in core and simultaneous C-doping of the radial 
overgrowth in metal-organic chemical vapor deposition (MOCVD).20 
Based on previous reports, impurities could influence nanowire growth in various aspects.21 
For instance, through X-ray diffraction analysis and electron microscopy, Anyebe et al.22. 
demonstrated that Sb enhanced InAs nanowire lateral growth but suppressed axial growth, 
and claimed that was attributed to the surfactant effect of Sb. Zinc-doping has been found 
to promote twinning super-lattice (TSL) formation in several III-V nanowire systems,23-25 and 
their corresponding experimental and modelling studies indicated that the addition of zinc 
changed the catalyst-nanowire-vapor interfacial energies, leading to the TSL formation. 
Notably, it is generally accepted that the morphology and crystal structure of nanowires can 
significantly impact their optical and electrical properties.26, 27 Therefore, it is important to 
understand the effect of impurity on the nanowire growth behaviour. Although Sn is a 
promising dopant,17 only limited studies so far have focused on the structural and 
morphological characteristics of Au-assisted Sn-doped GaAs nanowires growth and the 
influencing mechanism of Sn addition on GaAs nanowire growth is still not adequately 
clarified.16, 28 Hence, further investigation of Sn dopant influencing on nanowire growth is 
necessary to achieve the controllable growth of Sn-doped GaAs nanowire, which is 
foundation for the design and fabrication of devices. 
In this study, we synthesized GaAs nanowires with Sn addition through adding tetraethyltin 
(TESn) in MOCVD. By varying the TESn flow rate while keeping other parameters identical, 
we investigated the effect of different nominal Sn/Ga ratios on the GaAs nanowire growth. 
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With systematic characterization through detailed electron microscopy, we found that Sn is 
hard to be doped into GaAs nanowires, but its incorporation in the Au catalysts has a 
significant impact on the GaAs nanowires, where the axial growth is dramatically 
suppressed, and crystal quality degrades with increasing level of Sn. 
Experimental Section 
In this study, GaAs nanowires were epitaxially grown on bare GaAs (1̅1̅1̅) substrates using 
Au catalysts with and without TESn flux in an AIXTRON 200/4 MOCVD system. The 
chamber pressure was maintained at 100 mbar with total gas flow rate at 15 standard liters 
per minute (slm). Trimethylgallium (TMGa) and arsine (AsH3) were used as Ga and As 
precursors, respectively, while ultrahigh-purity hydrogen was used as the carrier gas. The 
substrates were cleaned and pre-treated by poly-L-lysine (PLL) prior to dispersion of 50 nm 
diameter colloidal Au nanoparticles onto the substrate, which was then annealed at 600 °C 
under AsH3 ambient in the MOCVD reactor. Intrinsic GaAs nanowire growth was initiated by 
the simultaneous introduction of TMGa and AsH3 at a growth temperature of 450 °C for 30 
minutes. The nanowire growth was terminated by switching off TMGa and cooling with AsH3 
only after 30 minutes. To investigate the impact of the Sn addtion on GaAs nanowires 
morphology and crystal structure, TESn was introduced into growth chamber and terminated 
simultaneously with TMGa. With a fixed TMGa flow rate of 1.157 × 10−5 𝑚𝑜𝑙/𝑚𝑖𝑛 and AsH3 
flow rate of 5.357 × 10−4 𝑚𝑜𝑙/𝑚𝑖𝑛, the V/III ratio was maintained at 46 throughout this study. 
The TESn flow rates were varied to obtain the nominal ratios of Sn:Ga for 0, 1 and 2. 
The nanowires morphologies were characterized by scanning electron microscopy (SEM, 
JEOL field-emission 7800, operated at 5 kV). The structural characteristics of individual 
nanowires were investigated by transmission electron microscopy (TEM, FEI Tecnai F20, 
operated at 200 kV). The compositions of the catalysts were determined by EDS performed 
in the TEM. Specimens for SEM observation were prepared by cleaving GaAs (1̅1̅1̅) 
substrate containing the as-grown nanowires. Individual nanowires for TEM characterization 
were separated from the substrate by ultra-sonication and transferred to copper grid with 
carbon supporting film. 
Results and Discussion 
Figure 4-1 are SEM images and show the morphology of GaAs nanowires grown under 
different nominal Sn addition levels with the insets showing the corresponding top-view SEM 
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images, suggesting that nanowires were grown vertically to the GaAs (1̅1̅1̅) substrates. 
Interestingly, the nanowires become shorter and tapered with increasing the TESn flow rate. 
Given the fact that both axial growth and lateral growth take place simultaneously during 
nanowire growth,9, 29, 30 our observations indicate that the Sn suppresses nanowire axial 
growth while enhances lateral growth. 
 
Figure 4-1 Tilted-viewed (20°) SEM images of vertically aligned GaAs nanowires with varying TESn 
flow rates: (a) Sn/Ga = 0 (reference), (b) Sn/Ga = 1, (c) Sn/Ga = 2. Insets are the top-view of the 
corresponding samples. 
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To understand the structural characteristics of these nanowires, detailed TEM investigations 
were performed. Figure 4-2a is a TEM image taken from a typical reference GaAs nanowire, 
in which only one planar defect can be seen. Figure 4-2b and c are the selected area 
electron diffraction (SAED) pattern and corresponding high-resolution TEM (HRTEM) 
image, indicating high-quality zinc-blende structure. With increasing the TESn flow rate to 
Sn/Ga = 1, increased density of planar defects can be seen (Figure 4-2d); while further 
increase to Sn/Ga = 2 resulted in even higher density of planar defects, as clearly seen in 
Figure 4-2e. Figure 4-2f and g are the SAED pattern and corresponding HRTEM image 
taken from a section of GaAs nanowire with highest TESn flow rate (Sn/Ga = 2), showing a 
zinc-blende crystal structure with a high density of planar defects. In fact, twins in zinc-
blende structured semiconductors are rotational twins 24, 31, 32. Based on our systematic TEM 
characterization over a dozen of nanowires from each nanowire sample, the crystal structure 
features described above can be confirmed, i.e. increasing the TESn indeed results in more 
planar defects in the nanowires. Figure 4-2h and i are EDS spectra for reference GaAs 
nanowire (position 1 in Figure 4-2a) and GaAs nanowire with high TESn flow rate (position 
2 in Figure 4-2e), respectively, and show that Sn is difficult to be incorporated in GaAs 
nanowires due to only a very small Sn peak in the spectrum can be found in nanowires 
grown under the highest TESn flow. Therefore, the accurate quantification of Sn doping 
levels in nanowires is beyond our EDS detectability. 
 
Figure 4-2 Bright-field (BF) TEM images of GaAs nanowires with different TESn flow rates: (a) Sn/Ga 
= 0 (reference), (d) Sn/Ga = 1, (e) Sn/Ga = 2. All images are taken along a 〈110〉 zone axis. (b), (f) 
and (c), (g) are SAED patterns and HRTEM images of the marked area in (a) and (e), respectively. 
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(h) and (i) are EDS spectra of position 1 in (a) and position 2 in (e), respectively. The inset in (h) and 
(i) shows local area (3~4 keV) of EDS spectrum. 
To understand the changes in nanowire morphology and structural quality, two questions 
need to be answered. With increasing the TESn flow rate, (1) why is the axial growth of 
nanowires reduced, and (2) why is the density of planar defects increased? 
To answer the first question, we note that: (i) it has been well known that nanowire axial 
growth relies on the chemical potential difference between the catalyst and the underlying 
nanowire, which can also be understood as the level of catalyst supersaturation,10 namely, 
nanowire growth rate increases with higher catalyst supersaturation,33 and (ii) in a typical 
GaAs nanowire growth, catalyst supersaturation (∆𝜇𝐿𝑆) can be expressed as,
10 
∆𝜇𝐿𝑆 = 𝑘𝐵𝑇 𝑙𝑛 [
𝐶𝐺𝑎𝐶𝐴𝑠
𝐶𝐺𝑎,𝑒𝑞𝐶𝐴𝑠,𝑒𝑞
]                                    Equation 4-1 
where 𝑘𝐵 is a constant, T is growth temperature, 𝐶𝐺𝑎 and  𝐶𝐺𝑎,𝑒𝑞 are the concentration of Ga 
in catalyst during growth and the equilibrium concentration in the GaAs nanowire, 
respectively. Since As has almost no solubility in Au and is supplied from vapor-liquid-solid 
triple phase junction to the nanowire, 𝐶𝐴𝑠 and 𝐶𝐴𝑠,𝑒𝑞 are the same and referred to as the As 
concentration in vapor phase.10 Thus, the catalyst supersaturation increases with increasing 
the Ga concentration in the catalyst.7 
In this regard, we anticipate that the lowered axial growth rate of nanowires grown with TESn 
is caused by lower Ga concentration in catalysts, possibly resulting from competition with 
Sn. To confirm this, we investigated the catalysts on the nanowire tops. Figure 4-3a is a 
bright-field (BF) TEM image showing the hemispherical catalyst of an typical GaAs nanowire 
grown without TESn, implying that the nanowire growth followed the VLS mechanism 34, 35. 
Figure 4-3b is the EDS spectrum taken from the catalyst, indicating that the Ga 
concentration in the catalyst is ~10 at.%. Based on the Au-Ga phase diagram, face cantered 
cubic phase of Au-Ga should be formed 36. Figure 4-3c is a SAED pattern taken from the 
catalyst-nanowire interface, where two sets of superimposed SAED patterns belong to the 
nanowire and catalyst, respectively. Using diffraction spots of the nanowire (taken along the 
[1̅10] zone-axis) as a reference, the lattice spacing of the catalyst and their corresponding 
diffraction spots can be determined, from which the [011] zone-axis of the Sn-Au phase can 
be indexed, which agrees with the EDS result.  
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In the case of GaAs nanowires grown with TESn, Figure 4-3d is the EDS spectrum taken 
from a catalyst of a typical nanowire grown under Sn/Ga = 1, showing that the Ga 
concentration in the catalyst is decreased to ~7 at.% while ~6 at.% Sn was found in the 
catalyst. Figure 4-3e is a TEM image taken from the top section of a nanowire grown under 
the highest TESn flow rate; and Figure 4-3f is the corresponding EDS spectrum taken from 
the catalyst, showing that no Ga can be detected but has ~12 at.% of Sn. Our extensive 
EDS analyses on ten catalysts indicate that the Sn concentration in the catalysts varied in 
the range of 10-15 at.% and no detectable Ga. Figure 4-3g is a SAED pattern taken at the 
catalyst and nanowire interface, in which three sets of diffraction patterns can be seen with 
two sets belonging to the nanowire with a twinned relationship. The third set can be indexed 
as the [12̅13̅] zone-axis of a hexagonal closed packed structured Au0.85Sn0.15 phase with 
the lattice parameters of a = 0.293 nm and c = 0.4778 nm,37 of which the composition range 
is in agreement with our EDS result. 
Based on our experimental results presented above, Sn is found to incorporate in the 
catalysts during nanowire growth. With increasing the TESn flow, the Sn concentration in 
the catalysts increases, while the Ga concentration decreases, down to the level below the 
EDS detection when the ratio Sn/Ga = 2. This can be understood from the fact that, in our 
case, only Sn and Ga were incorporated with the Au catalyst, so that the amounts of their 
partial vapor pressures should be proportional to their concentrations in the catalyst 38. 
Consequently, at the high TESn flow rate, the low Ga concentration in catalysts leads to a 
decreased catalyst supersaturation and in turn reduces the nanowire axial growth rate. 
 
104 
 
Figure 4-3 BF-TEM images of the tip region of nanowires (a) without TESn and (e) with high TESn 
flow rate (Sn/Ga=2) nanowires. (c) and (g) are SAED patterns for (a) and (e), respectively. (b), (d) 
and (f) are typical EDS spectra for the catalysts grown with no TESn, medium TESn (Sn/Ga=1) and 
high TESn flow rate. 
To answer the second question of why the density of planar defects in nanowires is 
increased with increasing the TESn flow rate, we consider the nucleation kinetics of Au-
catalyzed nanowire growth. It has been well documented that, unlike bulk materials, the 
formation energy difference between wurtzite and zinc-blende nucleus in nanowires is 
extremely small.10, 39 As a result, it is possible for wurtzite and zinc-blende segments to 
coexist,8, 40 leading to planar defects frequently occurs in nanowires,41 especially in the 
〈111〉𝐵/〈0001̅〉 oriented nanowires with the {111}𝐵/{0001̅} catalyst/nanowire interfaces.
42 
The ratio (𝜉) between the nucleation barriers of wurtzite (𝛥𝐺𝑊𝑍) and zinc-blende (𝛥𝐺𝑍𝐵) can 
be expressed as,8, 43 
𝜉 =  
𝛥𝐺𝑊𝑍
𝛥𝐺𝑍𝐵
=  
𝛥𝜇𝐿𝑆𝜂
2
𝛥𝜇𝐿𝑆 − 𝜓𝑊𝑍
                                      Equation 4-2 
where 𝜓𝑊𝑍 represents the extra cohesive energy for wurtzite formation, 𝛥𝜇𝐿𝑆 is the catalyst 
supersaturation, and 𝜂 is the ratio between the change in effective surface energies due to 
the formation of a wurtzite and a zinc-blende nucleus, which can be written as 
𝜂 =  
(1−𝑥)𝛾𝑆𝑑−𝑥𝛾𝑑𝑉 𝑠𝑖𝑛 𝛽+ 𝜏𝑥𝛾𝑆𝑉𝑍𝐵
(1−𝑥)𝛾𝑆𝑑−𝑥𝛾𝑑𝑉 𝑠𝑖𝑛 𝛽+𝑥𝛾𝑆𝑉𝑍𝐵
                                          Equation 4-3 
where 𝜏 =
𝛾𝑆𝑉𝑊𝑍
𝛾𝑆𝑉𝑍𝐵
 is the ratio between the lateral solid-vapor surface energies of wurtzite 
(𝛾𝑆𝑉𝑊𝑍) and zinc-blende (𝛾𝑆𝑉𝑍𝐵) nucleus (due to less dangling bonds in wurtzite nanowires, 
it is expected that 𝛾𝑆𝑉𝑊𝑍  should be less than 𝛾𝑆𝑉𝑍𝐵 , and 𝜏 <  1),
43 𝑥  is the share of the 
nucleus perimeter which is in contact with the vapor, β is the contact angle of the catalyst 
and its underlying nanowire, 𝛾𝑆𝑑 is the surface energy of solid-droplet interface, and 𝛾𝑑𝑉 is 
the surface energy of droplet-vapor interface. 
Based on Eq. 4-2, when 𝜉 < 1, the nanowires should adopt the wurtzite structure whereas 
when 𝜉 > 1, the nanowires will be stable in the zinc-blende phase. This tendency has been 
confirmed in many studies.8, 43, 44 When 𝜉 is approaching 1, alternating segments of zinc-
blende and wurtzite structures dominate. 
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Since we observed a high-density of planar defects in nanowires grown under the highest 
TESn flow rate, this suggests that 𝜉 is approaching 1. To validate this consideration, we note 
that impurity dopants could change β,43, 45 which can cause a significant change to the 
crystal structures of the nanowires.35 It is well known that β is controlled by surface energies 
at the solid-vapor (𝛾𝑆𝑉), solid-droplet (𝛾𝑆𝑑) and droplet-vapor (𝛾𝑑𝑉) interfaces.
46 Assuming 
𝛾𝑆𝑉 is a constant (the surface energy of the nanowire sidewall is a constant), the following 
relationship can be established,43, 47 
𝑐𝑜𝑠 𝛽  ∝ −
𝛾𝑆𝑑
𝛾𝑑𝑉
                                                         Equation 4-4 
indicating that a decrease in 𝛾𝑆𝑑/𝛾𝑑𝑉 leads to a decrease in β. 
To clarify the relationship between β and crystal structure of the nanowires, TEM 
characterization was employed. Figure 4-4a and b show the catalyst viewed along the 〈110〉 
and 〈112〉 zone-axes, respectively, of a nanowire grown without TESn while Figure 4-4c and 
d respectively show the catalyst viewed along the 〈110〉  and 〈112〉  zone-axes of the 
nanowire grown with highest TESn flow rate. It is of interest to note that the measured angle, 
β of the reference nanowire (βu) in Figure 4-4a and b are 127° and 130°, respectively; while 
for the nanowire grown with highest TESn flow rate, βhd is 110° and 105°. It is clear that βhd 
< βu, irrespectively of whether the nanowire is viewed along the 〈110〉 or 〈112〉 zone-axes. 
To confirm this fact, statistical β measurements were carried out carefully by analyzing at 
least ten nanowires of each sample, and we found that βu = 133° ± 10° and βhd = 108° ± 7°. 
According to Eq. 4-4, βu > βhd indicates a reduction of γSd γdV⁄  due to the Sn addition. Based 
on Eq. 4-3, a smaller γSd γdV⁄  value reduces the difference between (1 − x)γSd  and 
xγdV sin β, leading to a smaller η. According to Eq. 4-2, zinc-blende structure is favored in 
nanowires when ξ > 1, corresponding to our GaAs nanowires grown without Sn. Thus, with 
the Sn addition, a smaller η reduces ξ, leading to ξ approaching 1, and in turn resulting in a 
high density of planar defects in the nanowires with highest TESn flow rate. 
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Figure 4-4 TEM images of the catalyst from an GaAs nanowire without TESn (a,b) and with high 
TESn (Sn/Ga=2; c,d), at different zone axes. Each inset at top-right corner of image is the 
corresponding SAED pattern of nanowire. (e) and (f) are HRTEM images at the vapor-liquid-solid 
triple phase junction. Contact angles , between the catalyst and nanowire are as marked. 
From our SEM results shown in Figure 4-1, we found that the lateral growth of GaAs 
nanowires is enhanced with increasing the TESn flow rate. To understand this growth 
behavior, we note that, in the case of InAsSb, Sb may act as a surfactant, leading to the 
enhanced lateral growth of InAsSb nanowires.22. Interestingly, Sn has been found to be 
surfactant in the Ge/Si system48 and Ag/SiO2 system.49 Accordingly, we anticipate that the 
enhanced lateral growth in nanowires with our highest TESn flow rate is promoted by Sn 
acting as a surfactant on the nanowire sidewalls. In fact, nanowire tapering have been 
reported in a recent study on the Sn-doped GaAs nanowires growth by Aerotaxy, in which 
the enhanced lateral growth was explained due to the decreased mean diffusion length of 
Ga atoms.28 
According to our detailed analysis, the influencing mechanism of Sn addition on GaAs 
nanowires growth can be schematically illustrated. Figure 4-5a and b illustrate the GaAs 
nanowire growth without Sn; Figure 4-5c and d show how Sn affects catalyst and nanowire. 
As can be seen in Figure 4-5b, Sn atoms incorporate into catalyst and the β was decreased 
due to the Sn incorporation. With Sn incorporation in catalyst, the composition of catalyst 
was changed and the level of catalyst supersaturation decreases. As a result, in Figure 4-5d, 
nanowire axial growth was suppressed. In addition, the decreased β reduces the energy 
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difference between nucleus of wurtzite and zinc-blende structures. As a result, a high density 
of planar defects appeared in nanowires grown with the highest TESn flow rate (refer to 
Figure 4-5d). Figure 4-5d also illustrates that the Ga atoms diffusion is hindered by Sn atoms 
on sidewalls, which promotes nanowire lateral growth. 
 
Figure 4-5 Schematic illustration on the influence of Sn addition on the catalyst droplets (a, c) and 
morphological change of GaAs nanowires (b, d). 𝐽𝑆𝑛  and 𝐽𝐺𝑎  represent for Sn and Ga flux, 
respectively. β is the contact angle. Length of nanowire is abbreviated to 𝐿𝑁𝑊 and 𝐷𝑁𝑊. Red lines in 
(d) indicate defects in the nanowire. Note that all images are not drawn to scale and catalysts and 
nanowires are intentionally drawn separately for easy clarification. 
Conclusion 
In this study, we demonstrate that, during GaAs nanowire growth, the Sn addition has 
notable effect on the nanowire morphology and crystal structure. Sn suppresses axial growth 
while promoting lateral growth. Moreover, higher TESn flow rate results in a higher density 
of planar defects in the zinc-blende structured GaAs nanowires. Through systematic 
characterization via electron microscopy and crystallography analysis, we attribute these 
growth behaviours to lower level of catalyst supersaturation, which results in slow axial 
growth and a decrease of the catalyst contact angle, in turn leading to instability of the zinc-
blende phase. We postulate that the Sn surfactant effect promotes nanowire lateral growth. 
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This study addresses the issues caused by Sn addition on Au-catalyzed GaAs nanowire 
growth, which is important for growing doped III-V nanowires for technological applications. 
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4.3 Raman characterization 
In our publication, the EDS is not able to verify the Sn existence in the nanowires. In this 
section, Raman characterization is utilized as a supplement method managing to confirm 
the Sn doping in nanowires. The equipment we use is the Renishaw Raman microscope 
and spectrometer, of which the laser spot can be positioned on the sample with a few micro-
meters. Considering the nanoscale size of our nanowires, it is inapplicable to perform the 
laser spot directly on individual nanowire. Instead, the laser spot is focused on the array of 
nanowire to obtain the general Raman result because the nanowires are highly uniform and 
therefore, the obtained testing results should be representative (refer to Figure 4-6). In this 
section, we characterize the GaAs nanowires without the Sn addition and with high Sn 
addition level at Sn/Ga = 2. 
 
 
Figure 4-6 Schematic of the laser beam that is focused onto the nanowire array in the Raman 
characterization experiments. 
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Figure 4-7 shows the Raman spectra obtained from the undoped GaAs nanowires and the 
GaAs nanowires with high Sn addition (Sn/Ga=2). The Raman spectra from their substrates 
are also shown as reference, in which no shift of peak can be found between the two 
substrates. In these four spectra, two types of peaks can be confirmed according to the 
references: the 𝐸1(𝑇𝑂) mode peak at ~266.7 cm
-1 from the as-grown nanowires and the TO 
mode peak at ~268 cm-1 from the ZB GaAs substrates.50, 51 Although both the nanowires 
and substrates are GaAs in ZB structure, these two different peaks can be explained by 
following facts: firstly, the nanowires are nanoscale materials but the substrates are bulk 
materials; secondly, the structural quality of the nanowire is poorer than that of the 
substrate.52 
In addition to the 𝐸1(𝑇𝑂) mode from nanowires, another peak close to 290 cm
-1 can be only 
seen in the spectrum from the doped nanowires. This peak is quite close to the LO-phonon 
mode in GaAs and its intensity increased with higher Sn doping level.53 Therefore, we 
believe that this peak is caused by the Sn addition. The Sn existence was verified by 
performing Raman characterization on the nanowire arrays. 
 
Figure 4-7 Raman spectra from undoped GaAs nanowires (Sn=0) and doped GaAs nanowires 
(Sn/Ga=2), with their substrates as reference. 
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Chapter 5 The Temperature-Dependent Effect of Sn 
Addition on the GaAs Nanowire Growth
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5.1 Introduction 
In Chapter 4, we have demonstrated the influencing mechanism of Sn addition on the GaAs 
nanowire growth at a certain temperature. With further research, we found that, by simply 
changing the growth temperatures, the growth behaviours of nanowire change in different 
and even opposite ways. In Chapter 5, we engage studying on the impacts of Sn addition 
on the GaAs nanowires grown at varied temperatures in MOCVD, which is very meaningful 
because the growth temperature is a fundamental parameter for the III-V nanowire growth. 
In this study, we find that, with the Sn addition, the GaAs nanowire axial growth rate is 
changed in opposite ways at 390 °C and 450 °C: compared with undoped nanowires at each 
temperature, higher growth rate at 390 °C while lower growth rate at 450 °C after the Sn 
addition (which has been explained in Chapter 4). Considering the deposition process of 
precursors in the MOCVD reactor, we believe that the TESn addition indirectly enhances 
the deposition rate of Ga precursor, which promote the nanowire axial growth. Not only the 
nanowire morphology, but also the structural characteristic of the GaAs nanowire is changed 
in different tendencies at different temperatures with the Sn addition. Grown at 390 °C, the 
defect-free nature of GaAs nanowire is maintained even with the Sn addition. But the quality 
of the nanowire is further degraded with the Sn addition at 450 °C. We deduct that the lower 
growth temperature benefits the maintained structural quality. 
5.2 Journal Publication 
Results in Chapter 5 have been published as research paper in Crystal Growth & Design, 
2019. DOI: 10.1021/acs.cgd.9b00774 
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ABSTRACT 
In this study, we investigated the growth behaviours of GaAs nanowires with tetraethyl-tin 
(Sn) as addition grown at different temperatures in a metal-organic chemical vapor 
deposition system. It was found that the nanowire axial growth rate can be influenced by the 
addition of Sn in opposite ways at different growth temperatures. The growth rate of 
nanowires is higher because of the enhanced decomposition of trimethyl gallium (TMGa) 
with increasing the Sn addition at 390 °C, while lower because of the lower catalyst 
supersaturation level with increasing the Sn addition at 450 °C. With the Sn addition, 
nanowire quality can be maintained at 390 °C because the lower temperature benefits 
stabilizing the structure, but further degraded at 450 °C when compared with intrinsic 
nanowires. This study provides an insight into the effect of the Sn addition on GaAs nanowire 
growth, which will be useful for the design of nanowire-based devices. 
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Introduction 
III-V semiconductor nanowires have been considered as promising one-dimensional 
nanoscale materials in nanoelectronics and optoelectronic applications due to their high 
aspect ratio, and unique electrical and optical properties.1-3 For practical device applications 
in using nanowires as building blocks, it is necessary to understand their growth mechanism 
so that the required structural, physiochemical, electrical and optical properties can be 
controlled. As a kind of representative III-V semiconductor nanowires, GaAs nanowires have 
received great attention due to their promising applications in solar cells,4, 5 nanolasers,6 and 
the next generation transistors.7 Indeed, their epitaxial growth using the metal-catalysed 
approach has been well developed.8 In many applications, however, the electrical properties 
of the nanowires need to be controlled by means of doping.9 So far, less effort has been 
devoted to the epitaxial growth of doped III-V semiconductor nanowires.10-14 Although 
examples such as, p-type doping in GaAs nanowires using C15/Zn16, 17/Be,18 n-type doping 
in GaAs nanowires using Si19/Te20/Sn21, 22 dopants have been reported, the growth 
behaviours of doped nanowires are not fully understood as these impurities may cause 
undesirable effects. For instance, using dimethyl-zinc as the Zn dopant precursor, axial 
growth of InP nanowires can be significantly enhanced;23 while the axial growth of InAs 
nanowires is impeded with the Si addition.24 In addition, impurities may also change the 
crystal structure 25-27 and structural quality28, 29 of the nanowires. The Zn addition has 
modified the catalyst-nanowire interfacial energy and hence the contact angles, leading to 
the switch of the InP nanowires from the zinc blende (ZB) structure to a wurtzite (WZ) 
structure.25 Thus, the properties of doped nanowires are not only affected by the 
incorporated dopants but can also be strongly influenced by the change in their morphology 
and crystal structure.30-32 Therefore, it is necessary to clarify the mechanism of how 
impurities influence nanowire growth. 
In this study, we investigate the effect of tetraethyl-tin (TESn) on the epitaxial growth of 
GaAs nanowires grown via the metal-catalysed approach at different growth temperatures 
in a metal-organic chemical vapor deposition (MOCVD) system. It is found that the TESn 
addition has an opposite effect on the axial growth rate of GaAs nanowires grown at different 
temperatures. Specifically, with increasing the TESn addition, the axial growth rate 
increases only marginally when GaAs nanowires grown at 390 °C, but decreases 
significantly at 450 °C, when compared with the growth of undoped GaAs nanowires. The 
structural quality of nanowires grown at 450 °C is also severely degraded with the TESn 
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addition. Through detailed electron microscopy characterization, the effects of the TESn 
addition on the growth mechanism of GaAs nanowire are clarified and discussed. 
Experimental 
Epitaxial nanowire growths were performed in an AIXTRON 200/4 horizontal flow MOCVD 
system. The chamber pressure was maintained at 100 mbar with total gas flow rate at 15 
standard litres per minute. Trimethyl-gallium (TMGa), arsine (AsH3) and TESn were used as 
group III, V and IV precursors, respectively, carried by ultrahigh-purity hydrogen gas. Prior 
to nanowire growth, GaAs (1̅1̅1̅) substrates were cleaned by deionized water and pre-
treated by poly-L-lysine (PLL). 50 nm diameter colloidal Au particles (British Biocell 
International—Ted Pella, Inc.) were then dispersed and adhered onto substrate surfaces. 
The substrates were then annealing at 600 °C under AsH3 ambient for 10 min in the MOCVD 
reaction chamber to remove oxide contaminations from the substrate surfaces. After cooling 
to 450 °C, nanowire nucleation was performed for 1 min by switching on TMGa. The reaction 
chamber was then set to the nanowire growth temperature of 450 °C and 390 °C, followed 
by ~ 30 min nanowire growth with switched on the TESn addition. During nanowire growth, 
flux rates of TMGa and AsH3 were set at 1.157 × 10−5 mol/min and 5.357 × 10−4 mol/min, 
respectively, which gave a V/III ratio of 46 for all nanowire growths. Three different TESn 
flow rates were used, in the range from 0 to 2.993 × 10−6 mol/min, giving a nominal Sn/Ga 
ratio as 0, 0.13 and 0.26, respectively. Growth was terminated by switching off the TMGa 
and TESn sources simultaneously, and cooled down in the presence of AsH3 until 350 C. 
The nanowire morphology was determined by scanning electron microscopy (SEM, JEOL 
Field-emission 7800, operated at 5 kV) and their structural and compositional characteristics 
were investigated by transmission electron microscopy (TEM, FEI Tecnai F20, 200 kV, 
equipped with energy dispersive X-ray spectroscopy, EDS). SEM specimens were prepared 
by cleaving the GaAs substrates along the {110} atomic planes (note that nanowires still 
attach on the substrates). Individual nanowires for TEM investigations were prepared 
through ultrasonicating the substrates in ethanol and dispersing the suspended nanowires 
onto holey carbon-lined TEM copper grids. 
Results and Discussion 
Figure 5-1 is a set of SEM images showing the side-view of the nanowires grown with 
different TESn additions at 450 °C (a–c) and 390 °C (d–f), respectively. The insets on the 
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top-right corners of Figure 5-1 are the corresponding plan view of as-grown nanowires, 
confirming that nanowires grew perpendicularly on the substrate. Therefore, the nanowire 
lengths can be determined from their side-views. From which, nanowires are much longer 
when they grew at 450 °C (note the difference of scale bars in Figure 5-1a–c and d–f), which 
can be explained by the lower energy barrier and the enhanced surface diffusivity of group 
III adatoms at higher temperature.33, 34 The differences in nanowire lengths grown at same 
temperature can be attributed to the TESn addition. For nanowires grown at 450 °C, the 
nanowire length is reduced with the TESn addition (comparing Figure 5-1a and b). With 
further increasing the TESn flow rate, the nanowire length reduces further (comparing Figure 
5-1b and c). Interestingly, an opposite trend is observed at the growth temperature of 390 
°C, in which the TESn addition promotes axial growth rate and therefore longer nanowires 
are seen (comparing Figure 5-1d and e). With further increasing the TESn addition, the 
average length of nanowires remains similar, indicating that after a certain amount of the 
TESn addition, further increment in TESn does not promote the growth rate.  
 
Figure 5-1 SEM side-views of as-grown nanowires on substrates. (a–c) Nanowires grown at 450 °C 
with TESn addition of (a) 0 (reference), (b) TESn/TMGa = 0.13 and (c) TESn/TMGa = 0.26; (d–f) 
Nanowires grown at 390 °C with TESn of (d) 0 (reference), (e) TESn/TMGa = 0.13 and (f) 
TESn/TMGa = 0.26. Insets show the top-views on substrate and nanowires. Scale bars in insets are 
200 nm. 
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To understand the structural characteristics of as-grown nanowires, TEM characterization 
was performed. Figure 5-2a–b shows two typical nanowires grown at 390 °C without and 
with the highest TESn addition, respectively. Figure 5-2c–d is high-resolution (HR) TEM 
images taken from the two marked regions in Figure 5-2a, viewed along the 〈110〉 direction. 
The nanowire grown without TESn is defect-free and has a ZB crystal structure as shown 
by the HRTEM images with corresponding SAED patterns in the insets. Figure 5-2e–f with 
insets are HRTEM images and SAED patterns taken from the marked regions in Figure 
5-2b, viewed along the 〈110〉 zone axis. Similarly, when the TESn addition is used, the 
grown nanowires maintain defect-free with the ZB structure. This indicates that the TESn 
addition does not destabilize the nanowire structural quality. Figure 5-2g–h shows 
respectively the EDS spectra taken from the catalyst and the nanowire segment for the 
nanowires grown without the TESn addition, indicating that the catalyst is an Au-Ga alloy 
and the nanowire is GaAs (note that Cu peaks are caused by the Cu grids). On the other 
hand, Figure 5-2i–j are the corresponding EDS spectra taken from the nanowire grown with 
the TESn addition, in which a small amount of Sn (~ 2 at. %) can be detected in the catalyst, 
but was not found in the nanowire, indicating that, if there exists a small amount of Sn in 
nanowires, it should be beyond the detectability of the EDS technique. 
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Figure 5-2. TEM images of typical reference GaAs nanowire (without TESn, a) and the GaAs 
nanowire with TESn addition (TESn/TMGa = 0.26, b) grown at 390 °C. (c–d) and (e–f) are HRTEM 
images and corresponding SAED patterns of the marked regions in (a) and (b), respectively. Typical 
EDS results on nanowires compositions without TESn (g–h) and with TESn addition (i–j). Insets in 
(g) and (i) show the 10x magnified EDS spectra between 3.2 ~ 3.6 keV. 
Similar TEM characterization was performed for the nanowires grown at 450 °C. Figure 
5-3a–b are BF-TEM images of typical nanowires grown at 450 °C without and with the 
highest TESn addition, respectively. Figure 5-3c–d and Figure 5-3i–j are magnified BF-TEM 
images of the marked regions in Figure 5-3a and Figure 5-3b, respectively. Based on the 
diffraction contrast in BF-TEM images, both nanowires contain defects, but a higher density 
of defects can be witnessed in nanowires grown with the TESn addition. Figure 5-3k–l are 
the HRTEM image and SAED pattern taken from marked area in Figure 5-3j, in which a ZB 
structure with twins can be seen. The side facets shown in Figure 5-3k can be indexed as 
the {111} planes, attributed to the rotational twins.29, 35 Based on our extensive TEM 
investigations of over a dozen nanowires from each specimen grown at 450 °C, the average 
defect density of nanowires with the highest TESn addition can be estimated to be 24 µm-1, 
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approximately 6 times higher than that of nanowires grown without the TESn addition. Figure 
5-3g–h and Figure 5-3m–n are EDS spectra taken respectively from nanowires grown 
without and with the TESn addition. As can be seen, like the case of nanowires grown at 
390 C, Sn cannot be detected in the nanowire grown at 450 C, suggesting that the Sn 
concentration must be at a very low level below the detectable limitation of the EDS (~ 1000 
ppm) in our nanowires. However, the Sn concentration in the catalyst can be estimated as 
~3.5 at. %, nearly double the Sn concentration found in the catalysts of nanowires grown at 
390 °C. 
 
Figure 5-3. TEM investigation on a typical reference GaAs nanowire and GaAs nanowire with high 
TESn addition grown at 450 °C. (a–b) BF-TEM images for individual nanowires. (c–d) and (i–j) 
Enlarged areas in (a) and (b). (e–f) and (k–l) HRTEM images and corresponding SAED patterns with 
index of the marked areas in (c) and (j) respectively. (g–h) and (m–n) Typical EDS results show the 
composition of catalysts and nanowires. Insets in (g) and (m) show the 10x magnified EDS spectra 
between 3.2 ~ 3.6 keV. 
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Based on our SEM investigations, it is found that, with the TESn addition, the nanowire 
length increases when grown at 390 °C but decreases at 450 °C when compared with their 
intrinsic counterparts. Furthermore, for nanowires grown at 390 °C, the growth rate 
increases with the TESn addition, but saturated when increasing the TESn addition. To 
understand this phenomenon, we note that the decomposition rates of reaction precursors 
can influence the epitaxial growth of nanostructures in MOCVD8, 36 and temperature plays a 
crucial role in the decomposition of precursors. At 390 °C, TMGa is not fully pyrolyzed,37 but 
the pyrolysis of TESn is nearly complete.38 On the other hand, it has been reported that ethyl 
radicals (from dopant precursors) may react with H2 (the carrier gas) and create H-radicals, 
which increases the pyrolysis rate of TMGa,26, 39, 40 so that the growth rate of nanowires is 
enhanced by the enriched Ga source because of the TESn addition. On the other hand, 
further increase of the TESn addition may hinder the Ga incorporation into catalyst,41, 42 and 
hence causes the growth rate saturating at the higher TESn addition, evidence shown in 
Figure 5-1f. Interestingly, for nanowires grown at 450 C, the TESn addition reduces the 
growth rate. To understand this, we note that the catalyst plays a crucial role in nanowires 
growth,25, 43, 44 and the chemical potential difference between the catalyst and underlying 
nanowire (the supersaturation in the catalyst) is the key driving force for axial growth.45 In 
our previous study,46 we found that when Sn is incorporated into the Au catalysts, it 
competes with Ga to form Au-Ga-Sn alloy droplet, resulting in a reduced Ga concentration 
in the catalysts, and in turn lowers the catalyst supersaturation level, causing lowered 
nanowire growth rate. The growth rate reduction increases with increasing the TESn. In 
addition, it has been reported that Sn adatoms may act as surfactant and hinder Ga diffusion 
along the nanowire sidewalls, limiting the Ga source for the nanowire axial growth.41, 47-49 
Based on our TEM investigations, we found that the GaAs nanowires grown at 450 °C 
contain more defects with the TESn addition. In fact, such a phenomenon has been 
observed and explained in our previous study.46 Interestingly, we found that the high crystal 
quality of as-grown GaAs nanowires at 390 °C is still maintained, irrespective of the TESn 
addition, although 390 °C has been confirmed as the temperature to grow defect-free GaAs 
nanowires.50 To understand why the TESn addition does not influence the structural quality 
of nanowires grown at 390 °C, we note that the low-temperature nanowire growth may 
benefit for stable formation of ZB against the instability caused by TESn addition in this 
study.51, 52 In addition, a low growth temperature of 390 °C leads to a lower Sn concentration 
in catalysts compared with 450 °C, suggesting the weaker impact of Sn addition on the 
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nanowire growth front at 390 °C.53, 54 Consequently, the nanowire quality is maintained when 
the nanowire growth is at 390 °C even with the TESn addition. 
To summarize the impacts of the TESn addition on GaAs nanowire growth, Figure 5-4 
illustrates how the different functions of TESn performs on nanowire growth respectively at 
390 °C and 450 °C. Figure 5-4a shows the nanowire growth at 390 °C, in which the extra H-
radicals caused by the TESn addition enhance the bond breaking between Ga and ethyl. 
Therefore, the enhanced TMGa decomposition promotes the nanowire axial growth under 
the III-limited ambient. Figure 5-4b illustrates the nanowire growth at 450 °C, denoting that 
Sn atoms incorporate into catalyst as well as act as surfactant on sidewalls, which results in 
slowly grown nanowires. Also, the TESn addition induces higher density of defects in the 
nanowires when they are grown at high temperature, indicated by red dashed lines. Note 
that As is not taken into this schematic illustration since the growth is proceeded in As-rich 
ambient, and hence As is not the limiting factor in the nanowire growth. 
 
Figure 5-4. Schematic of GaAs nanowire growth with TESn at (a) 390 °C and (b) 450 °C. 
 
Conclusions 
In this study, we investigate the influence of the TESn addition on GaAs nanowire growth at 
two temperatures (namely 390 °C and 450 °C) in MOCVD. Through detailed electron 
microscopy characterization, it has been found that, when comparing with intrinsic GaAs 
nanowire growth, the TESn addition causes nanowires grown longer at 390 °C but shorter 
125 
 
at 450 °C. We demonstrate that the TESn addition can promote the TMGa decomposition 
during the nanowire growth at 390 °C while Sn atoms lower the catalyst supersaturation 
level and may act as surfactants on the nanowire sidewalls when grown at 450 °C. In 
addition, benefitted from the low growth temperature, the nanowire quality can be 
maintained even with the Sn addition at 390 °C. This study verifies the temperature-
dependent effect of impurity addition on the epitaxial growth of GaAs nanowires, which will 
benefit for the design of nanowire-based device with impurity addition. 
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Chapter 6 Understanding the Axially Varied 
Composition in the Core and Shell of the InGaP 
Nanowire
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6.1 Introduction 
From this Chapter onward, we will study the ternary III-V nanowires (InGaP nanowire). 
Compared with the binary III-V nanowire (GaAs nanowire) studied in the last two chapters, 
the growth behaviours of ternary nanowires are much more complex and still challenging to 
be fully understood. Different with the doped binary nanowires, in which the dopant is in very 
low content and will not significantly change the nanowire composition, the formation of 
ternary nanowires can be understood as the alloying of a foreign kind of group III or V 
element with binary III-V nanowires, of which the composition is a ternary system and can 
be tuned by changing the III or V species sources. Therefore, the bandgap of ternary 
nanowires can be tuned by changing the III or V compositions. For instance, the full range 
of In at. % in InGaP nanowires can be realized by carefully changing the nanowire synthesis 
parameters. In addition, the In and Ga concentration in InGaP can be tuned to meet the 
needs of applications in efficient LED in red to yellow wavelength range and photovoltaic 
applications. However, through literature review, we find that the composition in ternary 
nanowire can be non-uniform in radial regime in many cases, which induces the so-called 
core-shell structure with elemental segregation. The formations of core-shell structures can 
be designed or spontaneous. For the designed core-shell structure, researchers want to 
utilize the different bandgaps of different core and shell materials to create the quantum well 
at the hetero-interface. For the spontaneous core-shell structure, it is interesting and crucial 
to explore its forming mechanism because the better understanding on it will guide the 
further design of ternary nanowires-based devices. In Chapter 4, we will investigate the core-
shell structure in the 〈111〉𝐵  InGaP nanowire and the varied compositions along the 
nanowire core and shell. 
6.2 Journal Publication 
Results in Chapter 6 are published as research paper in Nano Letters, 2019, 19,6, 3782-
3788. DOI:10.1021/acs.nanolett.9b00915. 
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ABSTRACT 
In this study, we report the growth of core-shell InGaP nanowires with compositional varied 
cores/shells using metal-organic chemical vapor deposition. These core-shell InGaP 
nanowires exhibit Ga-enriched cores attributed to the strong affinity between Au and In, and 
In-enriched shells due to In-rich vapor ambient. Detailed electron microscopy investigations 
indicate that the In and Ga concentrations in the nanowire cores and shells varied along the 
growth direction of InGaP nanowires. It is found that the strain relaxation through Ga 
diffusion outwards and In diffusion inwards leads to the decrease of compositional difference 
between the nanowire core and shell from top to bottom. This study offers a possibility to 
grow structural complex ternary nanowires that can be used for future applications. 
 
KEYWORDS: InGaP nanowire, core-shell structure, GaAs (1̅1̅1̅)  substrate, electron 
microscopy, semiconductor 
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Introduction 
III-V epitaxial semiconductor nanowires have been considered as building blocks for 
advanced functional devices, primarily due to their great potential for electronic and 
optoelectronic applications.1-3 The ternary III-V epitaxial nanowires have the advantage that 
their bandgap can be finely tuned by varying their compositions,4 which opens up a new 
direction for device applications, such as InGaAs for field-effect transistors,5 InGaP for light 
emission diodes (LEDs),6 GaAsP for near-infrared lasers,7 and InAsP for infrared 
photodetectors.8 Among them, the InGaP material system is an ideal candidate for efficient 
LED in red to yellow wavelength range and photovoltaic applications due to its direct tunable 
bandgap in the range from 1.35 to 2.26 eV.9, 10. So far, solar cells fabricated by core-multi 
shell heterostructure GaAs/InGaP nanowires,11 and LEDs based on core-shell structured 
GaAs/InGaP nanowires 6 have been demonstrated. 
Up to now, investigations have been devoted to the epitaxial growth of ternary III-V 
nanowires, such as AlGaAs,12 InGaAs,13-15 GaAsP,16, 17 and GaAsSb,18, 19 from which the 
fabrications of ternary nanowires with desired composition have become possible through 
the manipulation of growth conditions, and the resultant ternary nanowires have exhibited 
promising applications for future devices.12, 20 However, unlike their counterparts of 
elemental Si and Ge nanowires as well as binary GaAs and InAs nanowires, non-uniform 
compositions across nanowires are often observed in ternary nanowires. Interestingly, the 
spontaneous formation of core-shell heterostructures induced by elemental segregation in 
ternary nanowires are commonly observed in Au-assisted grown ternary nanowires, 
especially in III-III-V nanowire systems.14, 20-22 From detailed structural and chemical 
characterization, Guo et al.13 found that the formation of spontaneous core-shell structured 
InGaAs nanowires was attributed to the different growth mechanisms between the nanowire 
core and shell, and competitive alloying between In/Ga with Au catalysts. Besides, Zhou et 
al.23 studied core-shell InGaAs nanowires grown by molecular beam epitaxy, in which the 
observed unique core-multi shell structure was found to be caused by the difference in 
adatom diffusion and affinity with catalyst between In and Ga. The structural and 
compositional complexities of such heterostructures make the controllable growth of ternary 
III-V nanowires challenging and the growth mechanism has not been fully understood. On 
the other hand, the controllability of the structure is crucial for designing structural complex 
nanowires for future device applications. Therefore, understanding the formation 
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mechanism of spontaneous core-shell formation in nanowires of different ternary alloy 
compositions is essential for achieving the desired properties. 
In this study, ternary InGaP nanowires were epitaxially grown on GaAs (1̅1̅1̅) substrates by 
Au-assisted vapor-liquid-solid (VLS) method in a metal-organic chemical vapor deposition 
(MOCVD) system. Through detailed electron microscopy investigations, the morphological, 
structural, and chemical characteristics of grown InGaP nanowires were investigated. It was 
found that the InGaP nanowires spontaneously formed a core-shell structure with Ga-
enriched core and In-enriched shell. Additionally, there is also a compositional gradient of 
both In and Ga concentrations in nanowire core and shell along the length of the nanowire, 
with a decreasing compositional difference between the core and the shell from top to 
bottom. The formation mechanism of these extraordinary compositional variation along the 
radial and axial direction in InGaP nanowires is discussed. 
Experiment 
InGaP nanowires were epitaxially grown on GaAs (1̅1̅1̅) substrates using an AIXTRON 
200/4 horizontal flow MOCVD reactor at a pressure of 100 mbar with ultrahigh purity 
hydrogen as the carrier gas. Trimethylgallium (TMGa) and trimethylindium (TMIn) were used 
as the group-III sources, and phosphine (PH3) as the group-V source. The GaAs (1̅1̅1̅)  
substrates were pre-treated with poly-L-lysine solution and then coated with Au colloidal 
particles (50 nm in diameter).24 The Au-coated substrates were first annealed in the reactor 
under AsH3 at 600 °C for 10 min to desorb contaminants from their surfaces. The 
temperature was then decreased to 460 °C for nanowire growth, initiated by simultaneously 
introducing TMGa, TMIn and PH3 with flow rates of 6.248×10-6, 5.288×10-6 and 4.464×10-3 
mol/min, respectively. These flow rates resulted in a nominal Ga/(Ga+In) molar ratio of 55% 
and a V/III ratio of 387. It is of interest to note that a low V/III ratio (e.g. < 100) is not sufficient 
to grow InGaP nanowires in our MOCVD chamber due to the required high decomposition 
temperature of PH3.25 After 30 min of nanowire growth, group III sources were turned off to 
cease nanowire growth, while the PH3 flow was maintained until the substrate temperature 
dropped below 350 °C. 
Morphological, structural and chemical characteristics of the nanowires and their substrates 
were investigated by scanning electron microscopy (SEM; JEOL JSM-7800 with field-
emission gun) and transmission electron microscopy (TEM; Philips Tecnai F20, equipped 
with X-ray energy dispersive spectroscopy (EDS) for compositional analysis). SEM 
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specimens were prepared by cutting along the {110} cleavage planes of the GaAs (1̅1̅1̅) 
substrates. The nanowires were ultrasonically removed from the substrates and dispersed 
onto holey carbon films supported by Cu grids for TEM investigations. The cross-sections 
of individual nanowires were prepared by firstly embedding the as-grown nanowires in resin 
(EPON), and then cutting into thin slices (about 30-50 nm in the thickness) using an 
ultramicrotome (Leica EM UC6). The thin sections were then transferred onto carbon-coated 
formvar films, supported by Cu mesh grids for TEM analyses. The cross-sections of the 
substrates for TEM characterization were prepared by using focused ion beam thinning (FEI 
SCIOS), after the substrates were ultrasonicated to remove the nanowires. 
 
Results and Discussion 
Figure 6-1 shows the SEM images of as-grown nanowires on the GaAs (1̅1̅1̅) substrate, 
viewed from different directions. Figure 6-1a is a top-view SEM image with the inset showing 
two nanowires at a higher magnification. The majority of nanowires are vertically orientated 
with the GaAs (1̅1̅1̅) substrate, indicating their epitaxial nature with the substrate. Using the 
{110} cleavage planes of the GaAs(1̅1̅1̅) substrate as reference (Figure 6-6), we determined 
the nanowire side-facets to be {112} planes (refer to the crystallography orientation sketch 
in Figure 6-1a). Figure 6-1b is a 20° tilted-view SEM image showing the relatively uniform 
morphology of the nanowires but substantially tapered due to significant lateral growth.26 
Figure 6-1c is a side-view SEM image and shows that the length of these epitaxial nanowires 
to be 2.6 ± 0.2 µm and their diameter increases from ~60 nm at top to ~250 nm at the bottom. 
In Figure 6-1d, a round-shape catalyst can be observed at the nanowire tip, confirming that 
nanowire growth was induced by an Au catalyst via the VLS mechanism.27 In Figure 6-1d–
e, the sidewalls of nanowire sections in the top and middle regions exhibit rough surfaces, 
suggesting a high density of planar defects perpendicular to the growth direction.26 However, 
Figure 6-1f shows relatively smooth sidewalls in the nanowire bottom region. 
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Figure 6-1 SEM images of InGaP nanowires grown on a GaAs (1̅1̅1̅) substrate: (a) top-view image 
with the inset of enlarged area showing individual nanowires and orientation stretch showing 〈110〉 
and 〈112〉 in blue lines and red dashed lines, respectively; (b) 20°-tilted view image; (c) side-view 
image; and enlarged images of a single nanowire at the top region (d), middle region (e), and bottom 
region (f).  
To understand the structural and chemical characteristics of our epitaxial nanowires, TEM 
characterization was conducted. Figure 6-2a and c are bright-field (BF) TEM images of a 
typical nanowire, viewed respectively along the [1̅1̅2] and [01̅1] zone-axes, confirmed by 
their insets of the corresponding selective area electron diffraction (SAED) patterns, in which 
the [1̅1̅1̅] growth direction can be determined. Strain contrast and Moire fringes along the 
nanowire can be observed in Figure 6-2a–b (Figure 6-2b shows a higher magnification 
image of the area marked by the blue box in Figure 6-2a), suggesting the presence of a 
core-shell lattice mismatch between nanowire core and shell. Figure 6-2d is a magnified 
TEM image taken at the nanowire top, showing the catalyst/nanowire interface. Also, the 
nanowire top has the zigzag sidewalls, associated with a high density of planar defects that 
are perpendicular to the nanowire growth direction,26, 28 which is in agreement with our SEM 
observation (rough sidewalls surfaces on nanowire top - refer to Figure 6-1d). Figure 6-2e 
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is a high-resolution TEM (HRTEM) image showing a (1̅1̅1̅) twin associated with the faceted 
sidewalls. 
 
Figure 6-2 TEM images of typical InGaP nanowire grown on GaAs (1̅1̅1̅) substrate: (a) BF-TEM 
image taken from [1̅1̅2] zone axis, showing the core-shell structure; (b) BF-TEM image of the marked 
area in (a) showing the Moire fringe; (c) BF-TEM image taken from [01̅1] zone axis, showing the 
morphology of facet along single nanowires; (d) enlarged BF-TEM image of the tip region, showing 
the {111} zigzag facets; (e) HRTEM image showing the twin and micro-facets in (d), taken from 
[01̅1]; (f-i) EDS spectra taken from corresponding points marked in (c) and (d). 
The composition of catalyst and the underlying nanowire were determined by EDS. Figure 
6-2f–g are respectively the EDS spectra taken from the catalyst and the top region of the 
nanowire, indicating that catalyst contains Au and In only with In concentration of ~ 30 at.% 
while the composition of nanowire is indeed InGaP (note that the observed Cu peak is 
caused by the Cu grid). The quantitative EDS analysis shown in Figure 6-2g suggests the 
composition at the nanowire top (note that no shell is formed) has a Ga/(In+Ga) ratio of 86%, 
which is much higher than the nominal Ga/(In+Ga) ratio of 55%. Figure 6-2h–i are EDS 
spectra taken from the middle and bottom of the nanowire (marked in Figure 6-2c), and their 
Ga/(In+Ga) ratios were determined as 62% and 25%, respectively. 
To clarify the structural characteristics of the core-shell nature of our InGaP nanowires, 
cross-sections of nanowires at different axial locations were investigated. Figure 6-3a–d are 
BF-TEM images of nanowire cross-sections taken at different axial locations, viewed along 
±[111] zone axis. Figure 6-3a is an image taken from the nanowire top region showing a 
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hexagonal cross-section with a diameter of ~60 nm and six {112̅} facets (determined by the 
corresponding SAED pattern (refer to Figure 6-6a), which is in agreement with our SEM 
results (refer to Figure 6-1). Moving downwards along the nanowire, where the core-shell 
structure starts forming, Figure 6-3b shows a BF-TEM image of a nanowire cross-section 
obtained at the nanowire middle region and shows an overall diameter of ~110 nm 
(equivalent to the region near position h marked in Figure 6-2c), in which two distinct regions 
can be identified: a central region with even contrast, surrounded by a narrow region with 
strain contrast, indicating a core-shell structure. Notably, a sharp core-shell interface can be 
seen in Figure 6-3b, and the core has a diameter of ~60 nm with a hexagonal shape. The 
corresponding SAED pattern (refer to Figure 6-6b) indicates that the core and shell have the 
same {112̅} side-facets. Figure 6-3c is a BF-TEM image of the cross-section obtained from 
the lower part of a typical nanowire with a much thicker shell (overall diameter is ~170 nm, 
equivalent to the region taken between h and i marked in Figure 6-2c), showing a core 
surrounded by a shell with a hexagonal side-wall. It is of interest to note that the core/shell 
interface is no longer sharp and faceted. Nevertheless, the nanowire core can be still 
estimated to be ~ 60 nm in diameter. Figure 6-3d is a BF-TEM image of cross-section 
obtained from the bottom region of the nanowire, in which the core/shell interface almost 
disappears and the nanowire cross-section has a truncated-triangular shape. Such a 
morphological characteristic is due to different lateral growth rates for {112̅} polarities.15 
To understand the compositional characteristics of nanowire cross-sections, EDS line-scan 
and elemental mapping were performed on these cross-sections. Figure 6-3e–h are the 
corresponding EDS line-scans and In/Ga elemental maps respectively taken from Figure 
6-3a–d. Indeed, no compositional variation is found in Figure 6-3e, confirming that no 
nanowire shell is formed in the nanowire top. In contrast, Figure 6-3f–h show different In and 
Ga concentrations in nanowire cores and shells, as well as different compositions in 
nanowire cross-sections taken at different axial locations. The comparison between Figure 
6-3e–h show that the nanowire cores have the highest Ga concentration at the nanowire 
top, and decreasing (increasing) Ga (In) concentration towards the bottom of the nanowire. 
To statistically verify our findings, we performed EDS point analyses on a number of 
nanowire cross-sections taken at different nanowire axial locations. Figure 6-3i–l show the 
statistical histograms, from which we confirm that the Ga concentration in the nanowire 
cores decreases significantly from the top to the bottom of the nanowire, with an average 
Ga/(In+Ga) ratio of 83.7% at the top and only 42.4% at the bottom. In contrast, the average 
Ga/(In+Ga) ratio in nanowire shells have only a small decrease from middle (40.1%) to the 
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bottom (33%) region. Interestingly, although the nanowire core is Ga-enriched and In-
enriched in the shell, the Ga (In) concentrations in both nanowire core and shell decreases 
(increases), which is different with previously reported where Ga concentration increases in 
the core while decreases in the shell from top to bottom of InGaAs nanowires.14 Also, the 
compositional difference between nanowire core and shell decreases from top to bottom.  
 
Figure 6-3 TEM investigations on nanowire cross-sections taken along InGaP nanowires. (a-d) BF-
TEM images of typical cross-sections taken from nanowire top, middle, lower, and bottom, viewed 
along ±[111] zone axis; (e-h) EDS line-scan spectra and In/Ga mappings of the cross-section in (a-
d), respectively; (i-l) EDS quantitative point analyses on 10 nanowire cores and shells taken from 
different regions. 
To understand the fundamental reason of why the Ga concentrations in both nanowire core 
and shell decrease along the nanowire from top to bottom, we note that the composition of 
ternary III-V nanowires can be influenced by the simultaneous grown two dimensional 
epitaxial layers on the substrate (regions between the nanowires).17 To clarify this point, it 
is necessary to understand the compositional variation of the planar layer grown on the 
GaAs substrate. For this reason, TEM investigation was performed on the 〈110〉 cross-
section of the GaAs substrate after the nanowires have been removed by ultrasonication. 
Figure 6-4a is a cross-section BF-TEM image showing the substrate, the epitaxially grown 
planar layer, and the base of a nanowire (~250 nm in diameter); on which EDS line-scans 
of In and Ga are superimposed. Figure 6-4b–d show respectively the EDS spectra obtained 
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from nanowire base (position 1), planar layer (position 2) and substrate (position 3), in which 
both nanowire base and adjacent planar layer contain significant amount of In with 
In/(In+Ga) ratios of ~70%. To understand why the In concentration in planar layer is higher 
than the nominal In/(In+Ga) ratio of 45% (determined by the nominal Ga/(In+Ga) ratio of 
55%), we note the fact that Au catalysts have better affinity with In than Ga, which promotes 
faster expulsion of Ga from Au catalysts when it is oversaturated. Therefore, Ga is 
consumed faster than In in the ambient. Since the input fluxes of In and Ga are roughly 
similar (45:55) in our experiment, the ambient should be in In-rich condition. Therefore, we 
anticipate that more In atoms will deposit on the substrate surface and adjacent nanowire 
bases. Accordingly, the obtained In/(In+Ga) ratio at planar player and nanowire base are 
higher than the nominal In/(In+Ga) ratio. 
 
Figure 6-4 (a) TEM image taken from the cross section of a nanowire substrate, with In/Ga EDS 
line-scans spectra superimposed; (b-d) EDS spectra taken in the marked areas in (a). 
Through our detailed electron microscopy characterization, we found the following facts: (1) 
spontaneous formation of Ga-enriched core and In-enriched shell are in the InGaP 
nanowires; (2) the diameter of the nanowire core remains constant along the length of the 
nanowires; and (3) the compositional difference between the nanowire core and shell 
decreases gradually from the top to the bottom of the nanowires. To understand these 
structural characteristics, two questions need to be answered: (1) what is the cause for the 
spontaneous formation of a core-shell structure, and (2) why does the composition of 
nanowire core and shell vary from top to bottom? 
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To answer the first question, we note that spontaneous formation of a core-shell structure 
has been commonly observed in ternary systems, such as InGaAs,13, 23, 29 GaAsP,16 and 
AlGaAs systems 30 which is ascribed to the phase segregation, where the core is induced 
by catalysts via the VLS mechanism, while the shell is formed due to lateral growth via the 
vapor-solid (VS) process.13, 17, 29 In this study, the formation of Ga-enriched nanowire cores 
can be attributed to the better affinity of Au with In than Ga because the formation energy of 
In-Au is lower than that of Ga-Au, which has been reported in previous studies.13, 31 As a 
result, Ga is preferentially expelled from the Au catalyst when its concentration in Au 
catalysts is oversaturated, and hence Ga-enriched nanowire core is formed. Accordingly, 
relatively higher In concentration in vapor leads to formation of In-enriched nanowires shells 
based on the fact that more In atoms are directly absorbed on sidewalls or diffuse from In-
rich nanowire base and substrate surface, and in turn incorporate on sidewalls via VS 
growth.3, 32, 33 This result can be confirmed in Figure 6-3j, in which the measured In/(In+Ga) 
concentration ratio of ~60% in the thin shell region (or Ga/(In+Ga) ratio ~40%) is higher than 
the nominal value of 45%. It is of interest to note that, in the previous study of InGaP 
nanowires grown by molecular beam epitaxy (MBE),22 the as-grown nanowire cores were 
In-enriched while the shells were Ga-enriched, which is different with this study. To 
understand this difference, we note that both studies employed different P/III ratios. Our 
early study34 indicates the growth rate of nanowires can be limited by the group V sources. 
In the case of InGaP nanowires grown by MBE, short nanowires were grown, in which 
sufficient In can diffuse into catalysts, resulting in a In enriched nanowire cores. In fact, we 
also observed In enriched nanowire cores when sufficient In can be incorporated in the 
catalysts.14 However, in our MOCVD grown InGaP nanowires, longer InGaP nanowires were 
grown under a high P/III ratio and a relatively higher growth temperature, in which In/Ga 
compositions in the catalysts are primarily controlled by their partial pressures. 
Consequently, due to the Au catalysts preferentially alloying with In than Ga, the preferred 
expel of Ga from catalysts leads to the formation of Ga-enriched nanowire cores.31 
To answer the second question, we note there exists a lattice mismatch between nanowire 
core and shell based on their different compositions. As an example, in the case of the thin 
shell formed around the nanowire core, Figure 6-3j shows the Ga/(Ga+In) ratio of 77.8% in 
the nanowire core, and 40.1% in the nanowire shell, representing a ~2.8% lattice mismatch 
according to the Vegard’s law.35 Notably, it has been well demonstrated that the misfit strain 
between the epitaxial system can facilitate the mass transport through the hetero-interface 
to relieve strain.36 Furthermore, the mass transport has also been reported in core-shell 
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InGaAs nanowires.14, 21 In our core-shell heterostructured nanowires, the compositional 
difference between nanowire core and shell is significant, the inter-diffusion between them 
(Ga diffusion outwards and In diffusion inwards in this case) is expected for strain relaxation. 
As can be seen in Figure 6-3b–d, the core-shell interface becomes blurry towards to the 
nanowire bottoms where the compositional difference between nanowire cores and shells 
decreases, suggesting the continuous In/Ga inter-diffusion occurred during the entire 
nanowire growth. Since the nanowire bottom is formed earlier, it has been subjected to a 
more inter-diffusion and thus the compositional difference between core and shell is 
substantially lower in this region (refer to Figure 6-3j). 
It is of interest to note that, although the inter-diffusion of In and Ga between nanowire core 
and shell takes place, the Ga concentration in the shell still decreases from the top to the 
bottom of the nanowire. A similar trend is also observed in the nanowire core. Consequently, 
we believe that strain relaxation through In and Ga inter-diffusion is not the sole reason for 
the compositional variation in the nanowire core and shell. The growth of nanowire shells 
can be influenced by the incorporation of group III adatoms diffusing onto the nanowire 
sidewalls, both directly from the vapor and also from the substrate (regions between 
nanowires).23 Furthermore, due to the finite diffusion length of the In adatoms (~6 µm on 
GaAs (111)𝐵 surface)
1 and the longer lateral growth of the nanowire lower part, naturally 
the top of nanowire shell is expected to have lower In concentration than the bottom. On the 
other hand, we consider that the nanowire shells may act as steps to assist the Ga atoms 
incorporation into Au catalysts.37, 38 Consequently, the Ga concentration can be found higher 
in the top than the bottom of the nanowire cores. 
Based on our observations and discussion above, Figure 6-5 schematically shows the 
compositional variation in our nanowire core and shell, and their inter-diffusion directions. 
Figure 6-5a shows a core-shell InGaP nanowire and dashed rectangles corresponds to the 
various cross-sectional positions along the nanowire as illustrated in Figure 6-5 b–e. In 
Figure 6-5 b–e, red frame in each cross-section indicates the core/shell interface, and the 
different thicknesses of red lines indicate the strain level. Arrows in yellow and blue 
represent for the inter-diffusions of In and Ga atoms, respectively, which decrease the 
compositional difference between nanowire cores and shells. This change is reflected by 
the different colour contrasts in the core and shell in Figure 6-5. 
143 
 
 
Figure 6-5 Schematic diagrams of evolution of core-shell InGaP nanowire heterostructure. (a) 
Length-wise view of the core-shell InGaP nanowire heterostructure; (b-d) Cross-sections of nanowire 
heterostructures taken at different axial locations along the nanowires, showing the core-shell 
interface change and In/Ga inter-diffusion. 
Conclusion 
In this study, we demonstrated that InGaP nanowires synthesized by the VLS technique 
contains varied compositions in nanowire cores and shells along the axial direction. Due to 
preferential Au catalyst alloying with In atoms, Ga are preferentially expelled from the 
catalysts to form a Ga-enriched nanowire core through the VLS mechanism. Simultaneously 
during the axial growth, lateral growth also takes place, and the In-rich ambient in the vapor 
phase leads to the formation of In-enriched nanowire shells through the VS mechanism. 
Due to the lattice mismatch caused by large compositional difference between the Ga-
enriched nanowire core and the In-enriched nanowire shell, strain relaxation via In and Ga 
inter-diffusion takes place during the nanowire growth. Additionally, due to sidewall diffusion 
of In adatoms from the gas phase and the substrate, a compositional variation along the 
nanowire is also observed. This study provides insights for a comprehensive understanding 
of the growth of structurally complex ternary nanowires, which is essential for future 
nanowire device applications. 
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Figure 6-6 SEM top-view on the GaAs (1̅1̅1̅) substrate with stretches showing 〈110〉 and 〈112〉. 
 
Figure 6-7 TEM characterization on core-shell nanowire cross-sections, taken along ±[111] zone 
axis. (a) BF-TEM image and corresponding SAED of nanowire top region; (b) BF-TEM image and 
corresponding SAED of nanowire core-thin shell structure, in which the split diffraction spots suggest 
the {112̅} sidewalls of core and shell. 
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Chapter 7 Understanding the Effect of Catalyst Size 
on the Epitaxial Growth of Hierarchical Structured 
InGaP Nanowires
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7.1 Introduction 
The impact of catalyst size on the binary III-V nanowire growth has been well documented: 
the morphologies and structures of nanowires are influenced by the catalyst size. Induced 
by the similar VLS or VSS mechanism, we anticipate that the catalyst size can influence the 
ternary nanowire growth. Considering the hierarchical structures in ternary nanowires, the 
effect of catalyst size can be more complex and more challenging to be well understood. On 
the other hand, the properties of the ternary nanowires are closely correlated with their 
morphological, structural and compositional characteristics. Therefore, it is necessary to 
clarify the relationship between the size of catalyst and its underlying ternary nanowire. In 
Chapter 7, we study on the high-yield 〈111〉𝐵  InGaP nanowires grown on GaAs (001) 
substrate and find that there are mainly two types of InGaP nanowires. Through systematic 
electron microscopy characterization, we confirm that the different characteristics of 
nanowires are fundamentally induced by the large difference between the catalyst size. The 
smaller catalyst has higher supersaturation level, causing greater nanowire length and WZ-
dominant structural segment in the lower part; and with longer duration of radial inter-
diffusion between the core and the shell, the lower part is in uniform composition while the 
upper part is core-shell structured. The larger catalyst has relatively lower supersaturation 
level, causing the shorter and ZB structured nanowire; and with shorter duration of radial 
inter-diffusion between the core and the shell, core-shell structure is observed in the 
nanowire. In summary, we can get two kinds of InGaP nanowires with different hierarchical 
structures on one and the same substrate. 
7.2 Journal publication 
Results in Chapter 7 are published as a research paper in Nano Letters 2019, 19, (11), 
8262-8269. DOI:10.1021/acs.nanolett.9b03835. 
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Abstract 
Understanding the effect of catalyst on the growth of nanowires is crucial for their 
controllable synthesis. In this study, we report the growth of InGaP nanowires induced by 
different-sized Au catalysts by metal-organic chemical vapor deposition. Through electron 
microscopy characterization, two types of InGaP nanowires are identified and the difference 
in catalyst size is shown to cause their different morphological, structural and compositional 
characteristics. Furthermore, the influencing mechanism of catalyst size on the formation of 
hierarchical structures in nanowires are discussed. This study provides an insight for a better 
understanding of the growth of ternary nanowires, especially the effect of catalyst size, which 
can be a promising approach to control the ternary nanowire growth, and is therefore 
beneficial for the design of corresponding nanowire-based device. 
Introduction 
Due to their unique physical natures, III-V nanowires have been recognized as promising 
building blocks for electronic and optoelectronic applications, including light emission 
devices,1 logic,2 sensors,3 and solar cells.4 So far, there have been extensive studies in 
binary III-V nanowires, such as GaAs nanowires,5, 6 InAs nanowires,7 InP nanowires,8, 9 and 
their hetero-structures10, 11. Compared to binary III-V nanowires, ternary III-V nanowires 
possess tuneable bandgap depending on the group III or V alloy composition, which is their 
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unique advantage for the device applications.12 For example, the InGaP material system is 
an ideal candidate for efficient LEDs in the red to yellow wavelength region and photovoltaic 
applications due to its direct bandgap in the range of 1.35 to 2.26 eV.13, 14 In another case, 
the whole compositional range of In has been realized in InxGa1‑xAs, where its band gap can 
be tuned from 1.42 to 0.34 eV by varying x from 0 to 1, whilst the electron mobility can be 
enhanced from 1000 to 6000 cm2 V−1s−1.15  
Different from elemental or binary nanowires, the segregations of group III or V elements in 
ternary nanowires could result in the inhomogeneous composition, which has been an long-
standing issue.16 Particularly, the spontaneous core-shell or even core-multi shell formation 
have been frequently reported in ternary nanowires grown by Au-catalysed vapor-liquid-
solid (VLS) method and their formation mechanisms have been intensively studied in recent 
years.17-23 The formation of the core-shell structure largely depends on factors such as 
different affinity of elements with Au catalysts,14, 16, 24 and diffusivity of atoms.20-22 For 
instance, Ga-enriched nanowire cores can be formed in InGaAs and InGaP nanowires 
because In has better affinity with Au and hence, Ga is preferably expelled from the catalyst 
above oversaturation point. On the other hand, it has been well documented that catalyst 
size can strongly affect the VLS growths of binary III-V nanowires, resulting in morphological 
and/or structural changes.25-28 However, the effect of catalyst size on the VLS growth of 
ternary III-V nanowires is less studied. The understanding of this issue is crucial as ternary 
nanowires are often used in devices due to their large bandgap tenability to match the 
required applications, as mentioned earlier.  
In this study, we investigate epitaxial growth of InGaP nanowires on GaAs (001) substrates 
by the VLS technique in a metal-organic chemical vapor deposition (MOCVD) system. 
Through detailed electron microscopy investigation, it is found that Au catalysts with two 
different sizes can induce the growths of two types of 〈111〉𝐵  nanowires with different 
morphological, structural and compositional characteristics. The larger catalyst induced the 
growth of shorter nanowires in a zinc-blende (ZB) phase with the Ga-enriched core and the 
In-enriched shell. The smaller catalyst, on the other hand, resulted in the formation of longer 
nanowires with more complex hierarchical structures, in which a Ga-enriched core and an 
In-enriched shell are formed in upper, ZB dominated segment only, while the radial 
composition is homogeneous in the lower, wurtzite (WZ) dominated segment. The effect of 
catalyst size on the growths of two types of nanowires are clarified with a discussion of the 
associated mechanisms. 
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Experiment 
In this study, the nanowires were grown in an AIXTRON 200/4 horizontal flow MOCVD 
system. Trimethylindium (TMIn), trimethylgallium (TMGa) and PH3 were used as the 
precursors of group III and V species with flow rates of 6.248×10-6, 5.228×10-6 and 4.464×10-
3 mol/min, respectively. This resulted in a V/III ratio of 387 and the ratio between Ga and In 
in the gas phase (TMGa / TMIn) to be 55:45. 50 nm diameter colloidal Au nanoparticles 
(British Biocell International—Ted Pella, Inc.) were used as catalysts to induce the nanowire 
VLS growth on GaAs (001) substrates. First, the epi-ready GaAs substrate was firstly pre-
treated by immersion into poly-L-lysine and then in 100 µL of Au colloidal solution for 20 
seconds. After rinsing with deionized water and dried by N2 gas, the substrate decorated 
with the Au nanoparticles was then loaded onto the susceptor inside the reaction chamber 
of MOCVD system. Before starting the nanowire growth, the substrate was first heated up 
to 600 °C and annealed for 10 minutes in AsH3 ambient to desorb surface contaminants and 
to form Au-Ga eutectic. Then the chamber was cooling down to 460 °C before growth was 
initiated by switching in TMIn, TMGa and PH3, whilst simultaneously removing AsH3. After 
30 minutes, TMIn and TMGa sources were shut off to cease nanowire growth and the 
substrate was naturally cooling down under PH3 ambient until 350 °C. 
The nanowires were characterized via electron microscopy. Scanning electron microscopy 
(SEM; JEOL 7800F operated at 5 kV) was employed to investigate the morphology of the 
nanowires while transmission electron microscopy (TEM; PHILIPS TECNAI F20, 200 kV) 
was used to study their structural properties. The compositions of the nanowires were 
determined by energy dispersive X-ray spectroscopy (EDS), equipped in the TEM. 
Convergent beam electron diffraction (CBED) technique was performed in the TEM to 
determine the orientations of the nanowires. SEM specimen was prepared by cleaving the 
substrate, with nanowires on it, along the {110}  planes. Individual nanowires for TEM 
characterization were obtained by ultrasonicating the nanowires from the substrate in 
ethanol and then dispersing the ethanol droplets onto carbon film supported by copper grid. 
The lamella specimen for CBED characterization was prepared from the substrate (after the 
attached nanowires were removed by ultrasonication) by focus ion beam (FIB; SCIOS) and 
parallel to the substrate cleavage edge. 
Results and Discussion 
153 
 
Figure 7-1a is the top-view SEM image of as-grown nanowires on the GaAs (001) substrate, 
clearly showing that they are inclined with respect to the substrate. Interestingly, most of 
them with their projections are parallel to the {110} cleavage edge (as marked by right 
angle), indicating that they grow along the 〈11𝑛〉  directions where n is an integer.29 In 
addition, by careful analysis of their projected morphology, they can be distinguished into 
two types of nanowires with different morphologies, i.e. the shorter and thicker nanowires 
as majority (marked as type A), and the longer and thinner nanowires as minority (marked 
as type B). To determine their growth direction, cross-section SEM specimen was prepared 
with the view direction towards to the side {110} cleavage edge, so that the inclined angles 
can be directly measured. Figure 7-1b is such a side-view SEM image and shows mainly 
two sets of oriented nanowires with the same but opposite angles of 35° with respect to the 
substrate surface, indicating that these nanowires grew along the 〈111〉 directions. Since 
there are 4 possible 〈111〉 directions associated with the (001) surface, i.e. [1̅11], [11̅1], 
[111]and [1̅1̅1], it is necessary to determine the growth directions of our inclined nanowires. 
By applying the CBED in the TEM (see details in Figure 7-6), the view direction of Figure 
7-1b can be determined as ±[110].29, 30 Consequently, based on SEM observation and 
CBED result, the two growth directions of the nanowires can be determined as [11̅1] and 
[1̅11], both belonging to the 〈111〉𝐵 directions.
31 By tilting the substrate to 55°, the electron 
beam would be parallel to the growth direction of some of the nanowires and their cross-
sections can be observed, as illustrated in Figure 7-1c. Figure 7-1d is the magnified SEM 
image showing details of the two types of nanowires that have different morphology and 
different catalyst size (highlighted by yellow circles, note that the catalysts deviate from the 
centre due to nanowire bending under electron beam). Additionally, hexagonal (type B) and 
truncated triangular (type A) shapes of the nanowire cross sections can be seen as indicated 
by the red dashed lines in Figure 7-1d. By referring to the {110} cleavage planes of the 
substrate (as marked in Figure 7-1c), the nanowire side-facets can be determined as 
{112}/{1100}.1, 32 
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Figure 7-1 (a) SEM top-view of nanowires on GaAs (001) substrate; (b) SEM side-view of 
nanowires; (c–d) 55° tilted-view SEM images of nanowires on the substrate, showing the cross-
sectional shapes and catalysts on the tips, as marked in dash lines in (d). 
To understand the structural characteristics of as-grown nanowires, TEM investigations 
were performed. Figure 7-2a is a typical bright-field (BF) TEM image showing a type A 
nanowire viewed along a [011] zone-axis, where a tapered morphology and zigzag side-
facets can be seen. The inset in Figure 7-2a shows the magnified image of the nanowire tip 
with a hemispheric catalyst with a diameter of ~ 50 nm, which is corresponding to the 
standard colloidal Au nanoparticle size and suggesting the VLS growth process.6 The 
nanowire tapering morphology suggests significant vapor-solid (VS) lateral growth on the 
nanowire sidewalls.33-35 Figure 7-2b–c are the high resolution TEM (HRTEM) images of the 
marked areas in Figure 7-2a with the corresponding selective area electron diffraction 
(SAED) patterns in the insets. From the results, we can infer the nanowire has a ZB crystal 
structure and grew along the [11̅1] direction. Therefore, the truncated triangular shape of 
the nanowire cross-section can be understood because of polarity dependence in ZB {112} 
side-facets, commonly observed in ZB nanowires.1, 36 Moreover, twins and lateral stacking 
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faults can be found in Figure 7-2b, of which rotational twins have been reported in Au-
catalysed InP, GaP and GaAs nanowires in previous studies.36-39 In Figure 7-2c, stacking 
faults in ZB structure can be observed along the nanowire growth direction. 
 
Figure 7-2 (a) BF-TEM image of individual type A nanowire along [011] zone axis; (b–c) HRTEM 
images of marked areas in the upper part (b) and lower part (c) of nanowire in (a). 
TEM characterization was then performed on type B nanowires. Figure 7-3a is a typical BF-
TEM image viewed along a 〈110〉/〈112̅0〉 zone-axis and Figure 7-3b shows the magnified 
tip region. The type B nanowire is thick and nearly untapered in the lower part while it 
becomes tapered in the upper part. Our statistical investigation indicates that the length of 
type B nanowires is much greater than that of type A nanowires, suggesting higher axial 
growth rate of the former. The catalyst of the type B nanowire has a diameter of ~15 nm, 
which is much smaller than that of the type A nanowire (~50 nm). These smaller catalysts 
are due to the minority of Au nanoparticles deviated from the standardized size in the colloid. 
Indeed, compared with type A nanowires, the density of type B nanowires is very low (refer 
to Figure 7-1). Figure 7-3c–h is HRTEM images and their corresponding Fast Fourier 
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Transform (FFT) / SAED patterns taken from the three different regions on the nanowire as 
indicated in Figure 7-3a, indicating the nanowire grew along the 〈111〉𝐵 (or 〈0001̅〉) direction 
and different structural features from the top to bottom of the nanowire. In Figure 7-3c–d, 
the upper part of the nanowire has a ZB structure with twins; however, the lower part of the 
nanowire is WZ dominant (Figure 7-3g–h), which explains the nanowire hexagonal cross-
sectional shape because unlike {112}  in ZB structure, {1100}  in WZ structure are non-
polarized planes.1 In between these two distinct parts, there exists a “transition area”, which 
has a ZB-WZ polytype structure (Figure 7-3e–f).  
 
Figure 7-3 (a) BF-TEM image of individual type B nanowire; (b) magnified tip of the nanowire; (c-h) 
HRTEM images and corresponding FFT/SAED patterns of marked position on the top (c-d), middle 
(e-f) and lower (g-h) parts of nanowire in (a). 
Since spontaneous formation of core-shell structures have been reported in ternary III-V 
nanowires,19, 40-42 it is necessary to check the radial elemental distribution in our nanowires. 
Figure 7-4 shows representative TEM images (viewed along the 〈110〉/〈112̅0〉 zone-axes) 
and EDS linescan profiles respectively taken from the two types of nanowires. Figure 7-4a 
shows a type A nanowire and Figure 7-4b–c shows the magnified view of the marked areas 
in Figure 7-4a. A core-shell structure can be seen in Figure 7-4b–c (indicated by arrows) 
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with the core diameter approximately 50 nm, which is close to the diameter of catalyst, 
indicating that the nanowire core is induced by the catalyst via VLS mechanism.16 The EDS 
linescan profiles in Figure 7-4d confirm the formation of a core-shell structure with a Ga-
enriched core and an In-enriched shell in the upper part and a Ga-enriched core in the lower 
part. Additionally, quantitative EDS analyses were performed on different axial positions of 
type A nanowires, and Figure 7-9 shows the representative EDS results, indicating that the 
In concentration increases from the nanowire top to bottom, which further confirms Ga-
enriched cores and In-enriched shells configuration in type A nanowires. 43 16 18 Figure 7-4e 
shows a type B nanowire and Figure 7-4f–g is BF-TEM images of the marked areas in Figure 
Figure 7-4e. In Figure 7-4f, core-shell interface can be clearly identified in the upper tapered 
segment (indicated by arrows) and the core diameter is ~17 nm, which is close to the catalyst 
size, suggesting its VLS growth mechanism. However, a core-shell interface cannot be 
observed in the lower part of nanowires in Figure 7-4g. In Figure 7-4h, EDS linescan profiles 
verify the core-shell configuration in the upper part of the nanowire while there is a lack of 
radial elemental segregation in the lower part of the nanowire. EDS quantitative analyses 
performed on the lower part of type B nanowires (refer to Figure 7-10) also indicate a 
homogeneous composition radially. 
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Figure 7-4 TEM characterization on core-shell structures in type A and type B nanowires. (a) BF-
TEM image of a representative type A nanowire; (b-c) TEM images showing the magnified areas in 
(a); (d) EDS linescan profiles at Position 1 and 2 in (a); (e) BF-TEM image of a representative type 
B nanowire; (f-g) TEM images showing the magnified areas in (e); (h) EDS linescan profiles at 
Position 3 and 4 in (e). 
Through our detailed electron microscopy characterization, two types of InGaP 〈111〉𝐵 
nanowires were grown on GaAs (001) substrate depending on the catalyst size: type A, the 
shorter core-shell ZB nanowires and type B, the longer nanowire formed by a core-shell ZB 
structure in the upper part and a compositionally homogeneous WZ structure in the lower 
part. To understand the different natures in these two types of nanowires that co-exist on 
the same substrate, three questions need to be answered: compared with type A nanowires, 
(1) what is the reason causing remarkably lengthy type B nanowires; (2) how do type B 
nanowires switch from the WZ structure to the ZB structure from lower part to upper part 
and become tapered in the upper part; and (3) why only the upper segments of type B 
nanowires have the core-shell structure while the lower segments are in radial 
homogeneous composition? 
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To answer the first question, we note that the catalysts of type B nanowires are much smaller 
than those of type A nanowires. It has been well documented that smaller catalysts can 
generate relatively higher III concentration because of their larger surface-volume ratio, 
compared with larger catalysts.44, 45 Hence, the supersaturation level would be higher for 
smaller catalysts and therefore longer nanowires.25, 45-47 However, in our case, the post-
growth catalysts of both type A and type B nanowires are Au-In alloys with similar 
compositions, which cannot provide direct evidence for the higher supersaturation levels of 
type B catalysts. This is understandable because In has better affinity with Au and therefore 
Ga should be preferably expelled from the catalyst during growth and cooling process.48, 49 
Therefore, the group III concentration in the post-growth catalysts cannot indicate their 
supersaturation levels during growths. Although we cannot verify the difference in 
supersaturation between type A and type B catalysts by their compositions after growth, we 
believe that during growth the smaller catalysts of type B nanowires has a higher 
supersaturation level resulting in longer nanowires.50  
As for the second question, the variation in the structural characteristics from the bottom to 
the top of type B nanowires should be closely related with the change of the catalyst 
supersaturation level during growth. The crystal phase of the III-V nanowire can be 
influenced by the catalyst supersaturation level in the VLS growth.51, 52 It has been 
demonstrated that ZB structure is preferably adopted if the catalyst supersaturation level is 
low, which is the case for our type A nanowires based on their larger catalysts and shorter 
lengths; while WZ structure should be promoted if the catalyst supersaturation level is 
relatively high in the catalysts.48, 53 In this regard, the higher supersaturation level in the 
smaller catalyst will contribute to WZ formation at the early stages of growth in type B 
nanowires, i.e. the lower part of the nanowire. Then, we need to understand why the 
nanowire switched from WZ to ZB structure at later stage of the nanowire growth, i.e. why 
upper parts of type B nanowires have the ZB structure. It is well known that Au catalysts can 
collect group III atoms from three sources in the Au-catalysed VLS growth of nanowires: 
direct impingement of III species from ambient, substrate diffusion, and sidewall diffusion of 
III adatoms.7, 31, 54 With increasing the nanowire length, less III atoms are expected to diffuse 
upwards to the catalyst-nanowire interface, and thus the contribution from substrate diffusion 
is largely reduced at the later stages of growth, which has been found in other Au-catalysed 
III-V nanowires growths7, 54, 55. Consequently, the III concentration in the catalyst should 
decrease, and in turn the supersaturation level is lowered, resulting in a ZB structure in the 
upper part. As shown in Figure 7-3e, in the middle part of type B nanowires, the polytypism 
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of the ZB and WZ structures suggests the gradual decrease of the catalyst supersaturation 
with increasing nanowire length. In fact, adatom diffusion and different crystal structures can 
also contribute to the different morphologies in the upper and lower parts of the type B 
nanowire. It has been documented that the lateral growth on {112}/{1100}  nanowire 
sidewalls may result in a tapered morphology for twin-defected ZB nanowires,36 while WZ 
nanowires are more likely to remain untapered. 48, 56, 57 Furthermore, since lower parts of 
type B nanowires are closer to the substrate, the influence of adatom diffusion from the 
substrate is more significant, resulting in substantial radial growth without tapering on the 
WZ crystal phase.7, 31, 58 However, the upper part of type B nanowires has a ZB structure 
with twins, and tapering becomes more dominant. In addition, since this section is further 
away from the substrate, adatom diffusion from the substrate has less influence, resulting in 
less radial growth (smaller diameter). 
To address the third question, the core-shell structures in type A nanowires and the upper 
parts of type B nanowire are formed by similar mechanism that has been well documented 
in previous studies on InGaAs and InGaP nanowires.16, 22, 42, 43 Interestingly, the core-shell 
structures were not observed in lower parts of type B nanowires. To understand this, we 
note that the misfit between different materials could promote the mass transport through 
their hetero-interface, by which way strain would be released.22, 59 We also note that the 
elemental diffusion may play a crucial role in the growth of other nanowire systems, such as 
boron carbide nanowires, where the boron migration assisted by phase transformation 
proceeded in the polytypic nanowires to achieve the relatively stable boron carbide crystal 
phase.60 Moreover, it has been reported that radial strain can be released faster in the 
hetero-structured nanowire with greater shell thickness.61 In our previous study, we also 
found that the compositional difference between the core and the shell decreased via radial 
In/Ga inter-diffusion in InGaP 〈111〉𝐵 nanowires.
43 In this regard, we believe that the radially 
homogeneous composition in the lower WZ segment is attributed to In and Ga inter-diffusion 
through an initially formed core-shell interface. The lower segment was formed earlier, 
therefore it had been subjected to growth temperature for a longer time and the significant 
lateral growth resulted in a thick shell, both of which facilitated the inter-diffusion of group III 
atoms through the core-shell interface. On the other hand, the core-shell upper part of the 
type B nanowire was formed at a later stage. Therefore, the inter-diffusion process was 
inadequate to form a uniform radial composition. Additionally, EDS linescan was performed 
at bottoms of tapered segments in type B nanowires (refer to Figure 7-11), showing slight 
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compositional difference between the nanowire core and shell, suggesting a gradual change 
in the radial composition uniformity from the top to the bottom in type B nanowires. 
Based on the characterizations and discussions above, Figure 7-5 illustrates the 
configurations of a type A (Figure 7-5a–b) and a type B nanowire (Figure 7-5d–e). Figure 
7-5c is a schematic showing different Au catalyst size on the GaAs (001)  substrate, in which 
the larger catalyst induces the type A nanowire and the smaller catalyst induces the type B 
nanowire. Since Au atoms have a stronger affinity to In atoms, Ga atoms are preferably 
expelled from the catalyst. Therefore, a Ga-enriched core is formed in the type A nanowire 
(refer to Figure 7-5a) and the upper part of the type B nanowire (refer to Figure 7-5e). The 
smaller catalyst has a relatively higher supersaturation level, particularly at the earlier stages 
of type B nanowire growth, resulting in longer nanowire than type A (compare Figure 7-5b 
and Figure 7-5d). However, as the nanowire grows longer, there is a decrease in the number 
of adatoms that are able to diffuse to the growth front and hence the catalyst supersaturation 
level becomes lower in the type B nanowire, leading to its structural phase change from WZ 
to ZB (refer to the cross-sections in Figure 7-5e). Additionally, In/Ga radial inter-diffusion 
results in the homogenous composition profile of the lower segment while core-shell 
structure still remains in the later formed, upper part of the type B nanowire. 
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Figure 7-5 Illustration shows the formation mechanisms of the type A and the type B nanowires. 
 
Conclusion 
In conclusion, we demonstrate the effect of Au catalyst size on the VLS growth of InGaP 
nanowires in MOCVD. Our systematic electron microscopy characterizations suggest two 
types of 〈111〉𝐵 InGaP nanowires with different morphological, structural and compositional 
features. The smaller catalyst-size of type B nanowire is the major reason that causes its 
greater length than the type A nanowire. And the decrease of supersaturation level in the 
catalyst results in the structural change in type B nanowire. We demonstrate that the core-
shell structures in type A nanowires and upper parts of type B nanowires are mainly 
attributed to the better affinity of In, than Ga, with Au catalysts; and the homogeneity in the 
lower regions of type B nanowires is attributed to the core-shell inter-diffusion. This study 
provides insights for understanding the effect of catalyst on the ternary nanowire growth, 
which can be a new contribution to their controllable growth for applications. 
Supporting Information 
SEM/TEM images showing the the substrate after FIB milling and the lamella sample 
for CBED experiment. 
Figure 7-6 suggests the orientational relationship between the substrate lamella and the 
nanowires. Figure 7-6a is a SEM image showing the top-view of GaAs substrate after milled 
by FIB. The original position of lamella is marked in dashed line. Figure 7-6b is the magnified 
SEM image showing the marked rectangle area in Figure 7-6a, in which the retained 
nanowire bottom parts can be seen. Therefore, the orientational relationship can be 
confirmed between the lamella and the nanowires. Figure 7-6c is a BF-TEM images showing 
the side-view of the substrate lamella, in which the arrows indicate the nanowires’ growth 
directions. In this study, we used CBED to determine the polarity of nanowire orientation. 
CBED is a useful technique to study the crystal symmetry, lattice defects and sample 
thickness. One important feature of CBED is that it utilizes convergence beam, rather than 
parallel beam (like SAED), on small areas of the specimen. Diffraction disks are generated 
under CBED rather than usual diffraction spots. Based on the changing diffraction condition, 
we can observe the intensity distribution in the diffraction disks.62 To get the CBED, we need 
to focus the beam onto interested area and increase condenser apertures’ sizes to get 
overlapped disks under diffraction mode of the TEM (C1 and C2 are set to 4 in this 
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experiment). Then, the sample needs to be tilted to meet specific diffraction conditions. 
Figure 7-6d is the CBED pattern, where the cross in 002 disk appears bright (when the 
Bragg condition is fulfilled for 1, 1̅, 11 and 1, 1̅, 9̅ or 1̅, 1,11 and 1̅, 1, 9̅) and the cross in 002̅ 
appears dark (when the Bragg condition is fulfilled for 1, 1̅, 11̅̅̅̅  and 1, 1̅, 9  or 1̅, 1, 11̅̅̅̅  and 
1̅, 1,9). By performing CBED, the view of direction of Figure 7-6c can be determined as 
±[110]. Consequently, the nanowires growth directions can be confirmed as [11̅1]/[1̅11]. 
 
Figure 7-6 (a) SEM image showing top-view of the substrate after FIB milling. (b) Magnified marked 
area in (a), where the retained nanowire segments can be seen. (c) BF-TEM image showing the 
lamella and the nanowire growth directions are indicated in arrows. (d) CBED pattern from the 
substrate lamella. 
SEM images showing the process of sample tilting. 
Figure 7-7 shows the SEM images of nanowires on the substrate, taken at intermediate 
tilting angles. For instance, Figure 7-7a shows the 25°-tilted view, i.e. the substrate normal 
is 25° away from the electron beam in SEM. Figure 7-7d shows the 55°-tilted view, where 
the nanowire growth direction is parallel to the electron beam and the cross-sectional shapes 
of nanowires can be seen. 
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Figure 7-7 SEM images showing the nanowires on substrate at different tilting angles: (a) 25°, (b) 
35°, (c) 45° and (d) 55°. 
TEM image suggesting the co-existence of the type A and type B nanowires. 
Figure 7-8 is a BF-TEM image showing the type A and the type B nanowires on the carbon 
support film of TEM grid. The tip of type B nanowire is much thinner than that of type A 
nanowire. Since the nanowires were ultrasonicated off from the substrate and then 
transferred to the carbon support film, Figure 7-8 suggests the co-existence of the type A 
and type B nanowires on the substrate. 
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Figure 7-8 BF-TEM showing the type A and type B nanowires 
EDS quantitative analyses indicate the core-shell structure in the type A nanowire. 
Figure 7-9 presents typical EDS quantitative results taken from the top, middle and bottom 
part of the type A nanowire. The varied composition suggests that the In concentration 
increases from the top to bottom of the nanowire. Taking the tapering morphology into 
consideration, the different compositions along the axis indicate that the nanowire should 
have an In-enriched shell and a Ga-enriched shell, which is complied with the EDS linescan 
result in Figure 7-4. 
 
Figure 7-9 Typical EDS quantitative results of the type A nanowire. (a) BF-TEM image showing the 
type A nanowire. (b) EDS quantitative results from different axial positions: Position 1 at the top, 
Position 2 at the middle and Position 3 near to the bottom part of the type A nanowire. 
EDS quantitative analyses indicate the radial homogeneous composition in the lower 
part of the type B nanowire. 
Figure 7-10 presents the typical EDS quantitative point analyses along the radial direction 
in the lower part of the type B nanowire. It is found that the compositions at the nanowire 
166 
 
centre and sides are very close to each other, indicating that no core-shell configuration 
forms in the lower part of type B nanowire. 
 
Figure 7-10 Typical EDS quantitative results of the lower part of type B nanowire. (a) BF-TEM image 
showing a segment in the lower part of type B nanowire. (b-d) EDS quantitative results of the radial 
position in the nanowire segment. 
EDS linescan profile at the bottom of tapered segment in the type B nanowire. 
In Figure 7-11, the typical EDS linescan profile from the bottom of tapered segment in the 
type B nanowire indicates that only slight compositional difference exists between the 
nanowire core and shell. A tiny Ga-enriched peak can be seen in the middle of the Ga profile. 
This result further demonstrates the decreased core-shell compositional difference from the 
top to the bottom in type B nanowires, which agrees with Figure 7-4. 
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Figure 7-11 BF-TEM image showing the middle region of a type B nanowire and typical EDS 
linescan profile from the marked position. 
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Chapter 8 Conclusions and Recommendations
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8.1 Conclusions 
In this thesis, we carried out studies on the growth of GaAs nanowires with the Sn addition 
and the growth of InGaP nanowires. The morphological, structural and compositional 
characteristics of the nanowires were systematically investigated via electron microscopy 
and other assistant techniques. Through detailed analysis, the influencing mechanisms of 
the component addition on nanowire growth have been unveiled.  
From the studies on the GaAs nanowires with Sn addition, following findings can be 
summarized: 
• The nanowire quality was degraded and the length was reduced with the increasing Sn 
addition at 450 °C. By changing the Sn addition level while maintaining all other 
parameters, we found that the defects increased remarkably in the GaAs nanowires. On 
the other hand, the nanowire became continuously shorter with increasing Sn addition 
at 450 °C. 
• The nanowire catalyst composition changed from Au-Ga binary phase to Au-Ga-Sn or 
even Au-Sn phase when Sn addition reached a high level at 450 °C. Through EDS and 
SAED characterization, the phase of catalyst can be determined before and after the Sn 
addition, suggesting that Sn could compete with Ga to alloy with Au catalyst during 
nanowire growth. And the contact angle between the catalyst and nanowire appeared 
smaller after the Sn addition, which caused the instability of ZB structure in the GaAs 
nanowire. 
• The effect of Sn addition on the GaAs nanowire growth was temperature-dependent. 
The nanowires became longer with the Sn addition at 390 °C, which was opposite to the 
situation at 450 °C. The temperature-dependent effect of Sn addition on the GaAs 
nanowire growth was attributed to the Ga precursor decomposition ratio influenced by 
the Sn addition in MOCVD. Benefitted from the low growth temperature, the nanowire 
quality could be maintained at 390 °C even with the Sn addition. 
From the studies on the hierarchical structured InGaP nanowires, we found that: 
• The spontaneous core-shell structure was formed in the InGaP nanowire. The InGaP 
nanowires were synthesized by Au-catalysed VLS approach and Ga-enriched cores and 
In-enriched shells were determined in nanowires. Because Ga had better affinity with 
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Au than In, the catalyst induced Ga-enriched nanowire core; because the ambient was 
In-rich, the nanowire shell was In-enriched. 
• By investigating on the cross-sections of the InGaP nanowires, the In/Ga compositional 
gradient was found in the nanowire core as well as shell along the nanowire growth 
direction. The Ga/(In+Ga) ratio and the compositional difference between the nanowire 
core and shell decreased from the nanowire top to bottom. We demonstrated that the 
In/Ga inter-diffusion between the core and the shell was a key factor that resulted in the 
axially varied composition. Additionally, the adatom diffusion from nanowire 
base/substrate influenced the shell composition via the VS growth. 
• The catalyst size had considerable effect on the morphological, structural and 
compositional characteristics of the InGaP nanowire. The smaller size resulted in higher 
supersaturation level in the catalyst, which enhanced the nanowire axial growth, 
compared with nanowires induced by larger catalysts. Furthermore, the core-shell 
structure was only formed in the upper part while the composition was radially 
homogeneous because the In/Ga interdiffusion was adequate in the lower part of the 
longer nanowire.  
8.2 Recommendations 
The influencing mechanism of Sn addition on the GaAs nanowire growth has been studied. 
Furthermore, we investigated how the growth temperature could impact the influencing 
mechanism of Sn addition on GaAs nanowire growth, suggesting that the effect of dopant 
addition on nanowire growth was temperature-dependent. However, there are other issues 
yet to be solved and some major ones are listed here: 
• Limited by the detectability of our facilities at this stage, the dopant concentration in the 
nanowire cannot be determined. For further researches, the concentrations of dopants 
in the nanowires should be investigated and their relationship with the physical properties 
should be clarified. 
• The Sn dopant distribution in nanowires should be investigated by advanced techniques 
(e.g. ATP), which is crucial for the design of nanowire-based device. 
• To achieve high-quality GaAs nanowires with designated dopant concentration and 
distribution, optimized growth windows associated with dopant addition levels need to be 
explored for doped GaAs nanowires. 
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• Aiming at the applications of doped nanowires in optoelectronic and photovoltaic devices, 
for instance, the light emission diodes and multi-junction solar cells, it is crucial to test 
the related physical performance of these doped III-V nanowires. 
The formation mechanism of the spontaneous core-shell structure in the InGaP nanowire 
has been clarified. The compositional and structural natures of the ternary nanowires were 
characterized and the axial compositional gradient in the core and the shell was 
demonstrated. Additionally, the effect of the catalyst size on the hierarchical structures in 
InGaP nanowires was studied. Based on the current results, more attention should be 
specifically paid to the following aspects in future studies: 
• The controllability on the composition in ternary/multinary nanowires. In this study, the 
core-shell structure or radially compositional homogeneous was spontaneously formed. 
In the view of application, the controllability on the composition has to be realized by 
tuning their growth parameters. For instance, our study suggests that the catalyst size 
could be a factor that influences the compositional homogeneity. 
• Better understanding on the core-shell interfacial features in the InGaP nanowire. The 
results have shown its importance for the shell formation and elemental segregation. If 
the interfacial features can be determined, this kind of hierarchical structure can be 
utilized in specific applications or for physical scientific research. 
• Property measurement and analysis should be done on the hierarchical structured 
nanowires. For instance, it will be interesting to investigate the physical properties of the 
InGaP nanowires induced by the small catalyst since it has a dual heterostructure – the 
radial core-shell and the ZB - WZ in axial configuration. 
